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Abstract
Density-functional tight-binding (DFTB) method is an approximation to the popular first-
principles density functional theory (DFT) method. Recently, DFTB has gained considerable
visibility due to its inexpensive computational requirements that confer it the capability of
sustaining long-timescale reactive molecular dynamics (MD) simulations while providing
an explicit description of electronic structure at all time steps. This capability allows
the description of bond formation and breaking processes, as well as charge polarization
and charge transfer phenomena, with accuracy and transferability beyond comparable
classical reactive force fields. It has thus been employed successfully in the simulation of
many complex chemical processes. However, its applications for chemical energy science,
particularly for the development of chemical energy storage systems and industry-scale
catalysts are limited due to the lack of carefully validated parameters, specially for transition
metal elements. In this dissertation, my previously developed DFTBparaopt semi-automatic
parameterization was therefore employed for the development of two sets of urgently
needed DFTB parameters involving prominent transition metals, (1) for phosphine-stabilized
nanoscale gold clusters, and (2) for platinum nanoparticles in the vacuum and on TiO2
support. Performances of the newly developed DFTB parameters were validated extensively
against DFT geometries, binding energies, electronic structure, and chemisorption for gold
and platinum clusters. With the new parameters, the DFTB method can be used to
investigate Au-cluster or Pt-clusters catalysts, and can be expected to pave the way for the
future development of improved catalytic systems. In addition to these parameterizations,
I focused on the development of an accurate DFTB-based linear-scaling method capable of
describing zwitterionic systems for the simulation of electrolytes. To realize this method, the
combination of the fragment molecular orbital (FMO) approach with the recently developed
v
long-range corrected DFTB (LC-DFTB) method had been selected and implemented. Initial
benchmarks and demonstration applications are presented. A satisfactory accuracy and
computational performance of FMO-LC-DFTB has been demonstrated. The new method
offers advanced capabilities for the first principles-based modeling of large-size ionic liquids,
ions interaction with electrodes, and other chemical energy storage systems. The lessons
learned in this dissertation point to areas for future improvements of the DFTB method
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Notwithstanding recent improvements in modern electrochemical energy storage technolo-
gies, addressing the many critical requirements such as achieving simultaneously high energy
density (amount of energy stored) and high power density (the rate at which the material
can be charged or discharged) remains a challenge.1–5 Energy science, most notably in the
branches related to industrial catalysis and electrochemical energy storage, involves highly
complex reactive chemical processes, as well as phenomena related to ion and electron
transport.6 Transformational processes in energy science-related materials often occur on long
time and length scales, ranging from the atomic to the macro scale. They typically involve
multiple chemical component systems, comprised of transition metal catalysts, substrates,
electrolytes and solvents, and chemically reactive species. Experimental design of novel
materials that address energy science challenges by trial-and-error requires a tremendous
amount of time and resources, including materials cost and manpower. In order to alleviate
these issues, computational methods have been developed to provide theoretical insight and
predictions for chemically reactive systems at the atomic level, rationalize experimental data,
and guide the design of materials at the atomic-scale.7–10 However, computer-aided design
approaches and their underlying methodologies have thus far had relatively limited impact on
energy sciences in general, mostly due to the lack of computational chemistry methodology
that is both predictive as well as manageable in terms of time to solution and computer
resources. For example, classical simulations that are computationally inexpensive are often
held back by the lack of accurate interatomic potentials, specifically when metal elements
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are involved, whereas first principles-based quantum chemical methods require a tremendous
amount of computer resources for large-size and long-timescale simulations.7,11 Therefore, the
development of simpler yet robust computational approaches remains a crucially important
area in the field of chemical energy science.
Over the last century, a wide range of computational chemistry and materials sciences
atomic-scale simulation methods has been developed, either based on classical molecular
mechanics (MM) or quantum mechanics (QM) approaches. Most MM-based force fields (FF)
approximate the “covalently bonded” atomic interactions using simple empirical potentials,
such as the harmonic potential with no explicit description of electronic structure.12–16
Consequently, MM-based methods require a set of pre-fitted parameters for different types of
atoms, chemical bonds, and bond angles for each system. Due to such simplifications, MM-
based methods are typically much faster than QM-based methods and are capable to perform
molecular dynamics (MD) simulations for systems consisting of up to several hundred million
atoms. They are usually employed to study large-scale non-reactive molecular dynamic
processes, such as protein folding or transport through membranes. However, these methods
often fail in describing covalent bond breaking or bond formation processes, both of which are
essential in chemical processes. Recent advancements in the MM-based FFs include reactive
force fields such as ReaxFF,17 which utilize bond order potentials to enable the simulation
of bond breaking and formation processes. Nevertheless, their low transferability and
inability to describe charge polarization or electronic charge transfer phenomena, limits their
application to systems close to those for which they were trained.18 On the other side of the
spectrum, fully QM-based approaches such as ab initio wave function theory (WFT) or first
principles density functional theory (DFT) methods explicitly solve the electronic structure of
molecular or solid-state systems based on the time-independent Schrödinger equation. These
QM-based methods are capable of simulating reactive chemical processes and dynamics, and
can reliably predict electronic properties such as electronic band structures, polarization,
and charge transfer. However, the QM-based methods can only be employed for picosecond-
scale simulations of systems containing a few hundred in routine applications.19,20 Reactive
dynamics simulations of larger systems and on nanosecond scale are practically out of reach
due to the prohibitive computational cost that increases exponentially with the system size.
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To address the need for computationally inexpensive yet reliable quantum chemical
methods, various semi-empirical quantum mechanical (SQM) approaches based on the
Hartree-Fock (HF) method were proposed fifty years ago, such as the complete neglect
of differential overlap (CNDO), the intermediate neglect of differential overlap (INDO), the
neglect of diatomic differential overlap (NDDO), and the modified neglect of diatomic overlap
(MNDO) methods.21–23 More sophisticated SQM methods have been developed mostly based
on the foundation of the MNDO approach for the ground state computations such as AM1,24
PM3,25,26 PM6,27 and PM7,28 to name a few prominent examples. In addition, OM1,29
OM2,30 and OM331 methods have been developed to improve excited state computations,
based on explicit orthogonalization corrections within the NDDO approach. Generally, these
approximated methods are 2-3 orders of magnitude faster than the conventional DFT or HF
methods and are capable of describing chemical reactions, but unfortunately often with a
lower accuracy.19,32–34 In parallel to these HF-based SQM methods, the density-functional
tight-binding (DFTB) formalism emerged as a very promising family of approximate DFT
methods that can be viewed as a semi-empirical incarnation of Kohn-Sham DFT methods.
DFTB methods often outperform other HF-based semi-empirical methods with respect to
accuracy in both geometries and energies due to their DFT origin that explicitly addresses
the issue of electron correlation.33,35–37 Like HF-based SQM methods, DFTB solves the
time-independent Schrödinger equation using a minimum basis set for the valence electrons
only. However, a key difference of the DFTB methods to HF-based SQM methods is the
employment of pre-tabulated Kohn-Sham Hamiltonian and basis set overlap matrix elements
in a two-center approximation. While this approach avoids the explicit computation of
expensive integrals, it still improves the accuracy over HF-based SQM approaches which
either neglect or approximate the integrals as simple parameters or analytical functions.
Since the three-center terms can often be neglected to good accuracy in the construction of
the Hamiltonian and the four-center integrals can be approximated by way of self-consistent
charge (SCC) extensions, the DFTB method can often reach the accuracy level found in
conventional DFT methods.32,38 With these features, DFTB extends the time scale of DFT-
quality MD simulations of systems containing 400 atoms to nanoseconds.39 Ultimately,
in combination with recently implemented massively parallel linear-scaling approaches
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such as the fragment molecular orbital (FMO) method,40–45 the divide-and-conquer (DC)
method46–48 or modified DC (mDC) method,49 geometry optimization for a system consist
of a million atoms or MD simulations at the nanosecond-scale for system up to several
thousand atoms have also become feasible.41,45
Over the last 25 years, several different formulations for the DFTB methods have
been developed. Based on the Foulkes-Haydock approach,50 the Kohn & Sham (KS)-DFT
energy51,52 is expanded in terms of electron density fluctuation ∆ρ around a reference density,
using a Taylor series expansion. The individual terms of the Taylor series give rise to a
hierarchical series of DFTB methods, starting with the simplest version, DFTB1,53,54 which
is accurate to the first-order expansion. It is identical to the method that was historically
called DFTB, since the first-order term of the Taylor series vanishes. The latest iteration
of the approach, called DFTB3, contains the full third-order term of the Taylor series.55
Also, it is worth mentioning that a simplified version of this DFTB3 method was recently
developed by Grimme et al., named GFN-xTB.56 In the following, these DFTB versions will
be explained in some more detail.
DFTB1 is a non-self-consistent-charge (NCC)-DFTB method because its Hamiltonian
is independent of the electron density fluctuation ∆ρ, which makes it the fastest among
the DFTB versions. Yet, it is suitable only for systems with small interatomic charge
transfer and cannot be applied to systems where charge transfer is a dominant feature.38,57
DFTB2 extends the applicability of DFTB to such systems by including the second-order
term of the Taylor expansion, which explicitly covers long-range Coulomb interactions
and on-site charge interaction energies.58 Because the DFTB2 Hamiltonian depends on
electron density differences ∆ρ from the reference density used to construct the DFTB1
Hamiltonian, the second-order term can only be determined after solving the (KS)-DFT
equation. This implies that the DFTB2 Kohn-Sham problem must be solved iteratively, since
its Hamiltonian explicitly depends on the difference charge. Therefore, the DFTB2 method
was originally called self-consistent charge DFTB or SCC-DFTB. The DFTB2 method
significantly improved the accuracy of the DFTB method, making it more suitable to describe
polar systems.38,57 However, problems persisted related to important proton transfer barriers
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and proton affinities, as well as the description of anionic systems, and therefore the third-
order term of the Taylor expansion was explicitly considered. This led to the development
of the DFTB3 method, in which the third-order term allows the atomic chemical hardness
(incorporated in DFTB as the so-called “Hubbard” parameter) to variate depending on the
charge state at the respective atom.33,38,55,59 Finally, the GFN-xTB simplifies DFTB3 in
the sense that it replaces explicit parameterization of the two-center Hamiltonian matrix
elements and binary repulsive potentials based on combinations of carefully fitted mono-
elemental equivalents. Therefore, it is less accurate when it comes to the description of
interaction energies, particularly for transition states and activation energies, which are
essential for catalysis and ion transport phenomena under investigation in this dissertation.
Despite the many advantages mentioned above, the applicability of the DFTB method
in chemical energy sciences remains limited due to the lack of transferable and carefully
validated parameters for different chemical element combinations across the periodic table.
Currently, optimized parameters for most DFTB methods are available only for a handful
of bio and organic elements, and a few incomplete sets of parameters available for selected
transition metal elements like Sc, Ti, Fe, Co, and Ni in the “trans3d” set,60 Au in the
“auorg” set,61 and Ti in the “tiorg” set.62 Among the many missing parameters for transition
metal elements, two notable chemical elements, Au and Pt are particularly valuable in
catalysis applications. Nanoscale gold clusters have demonstrated high catalytic activity
and selectivity for certain reactions at low temperatures, such as the oxidation of carbon
monoxide, propene, alcohols, or the hydrogenation of acetylene.63–66 On the other hand,
platinum is well-known for its highly effective and selective catalytic behaviour in both
heterogeneous and homogeneous systems, for instance, the catalytic reforming of straight-
run naphthas, hydrogen evolution reactions, the decomposition of hydrogen peroxide, or the
reduction of oxygen. Particularly, platinum nanoparticles (Pt-NPs) supported on titania
surfaces are often used as effective heterogeneous catalysts in industrial processes. In order
to capture and understand the chemical reaction mechanisms of these complex catalytic
systems, it is vital to understand and be able to predict the variation of electronic structure,
chemical bond breaking and formation that occur during the dynamic processes. The
practically infinite number of possible side reactions and other dynamic processes are able to
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exert a significance, adverse effect on the catalytic performance.67,68 In order to employ DFTB
methods for the theoretical studies of these systems, it is thus necessary to provide accurate
parameters for all binary chemical element interactions found in the systems. In the case
of ligated nanoscale Au clusters, the most prominent ligands are thiols and phophines, that
complex the metal nanoclusters via Au-S and Au-P interactions. While the Au-S interaction
was included in the “auorg” parameter set for gold-thiolate clusters,61,69 the parameters for
the Au-P interaction had previously not been developed. In the case of Pt, only pure Pt-
Pt parameters were available, for the description of platinum clusters in the gas phase.70–72
However, even in these cases, the existing DFTB parameters either severely overestimate or
underestimate Pt-Pt interactions and lack transferability.
The fundamental difficulty associated with the parameterization is related to finding a
meaningful balance between DFTB accuracy and parameter transferability for a wide range
of elements, molecular systems, and condensed systems. Historically, the parameterization
procedure required significant human effort. In realizing the need, several groups had already
developed a number of “semi-automatic” DFTB parameterization schemes.73–76 However,
none of these efforts was able to significantly impact the DFTB parameterization efforts,
due a number of factors, such as: (1) the lack of a user-friendly interface, (2) computational
inefficiencies, (3) rapidly converging search algorithms that would trap the algorithm in local
minima,74,75 or (4) a combination of these factors. To address these issues, I developed as
part of my Master Thesis a robust automatic genetic algorithm (GA)-based parameterization
program, the so-called DFTBparaopt.77 The program is based of a semi-automatic scheme
that solves for a set of linear equations, developed originally by Gaus et al.78 The GA was
employed to optimize the remaining non-linear parameters and to reduce the dependence on
the initial guess while increasing the chances for finding the global minimum in the scoring
function, i.e. the errors for reproducing the target fitting quantities. The parameterization
protocol was successfully employed to optimize long-range corrected (LC)-DFTB parameters
for C, H, N, and O chemical elements simultaneously. In this Ph.D. dissertation, the
GA-based parameterization protocol was further improved and used to extend the “auorg”
parameter set for Au to include the Au-P interaction. The Pt-X (X = Pt, Ti, O) interactions
were also parameterized using the same GA-based protocol to describe platinum clusters with
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an emphasis on Pt atom and clusters on TiO2 support. The parameterization for Pt was
based on a previous titania parameterization.62 The accuracy of these new DFTB parameters
in terms of geometries, energetic properties, and electronic structures was validated against
full DFT and available experimental results. The DFTBparaopt code is now publicly
available on github and it is hoped that it will enable more rapid parameterization of
additional chemical element combinations for any of the DFTB methods currently available.
In addition to the lack of parameters, all traditional DFTB methods and their linear-
scaling incarnations, which are derived from local-density approximations (LDA) or gener-
alized gradient approximations (GGA) DFT functionals, can fail to describe zwitterionic
systems containing opposite electric charges, such as ionic liquids or metalloprotein enzyme.
This failure is inherited from DFT on which DFTB is founded, and is due to the so-called
self-interaction error (SIE).79,80 The spurious repulsion of an electron with its own electron
density artificially stabilizes delocalized states, leading to a variety of computational artifacts,
such as charge equilibration, underestimation of frontier orbital energy gaps in molecules
and band gaps in bulk materials, and charge-transfer excitation energies. Similarily, the
overestimation of conductance, incorrect description of activation energies for chemical
reactions, and binding energies in charge-transfer complexes could also be attribute to these
artifacts.79,81–88 Recently, a long-range corrected (LC) version of the second-order DFTB58
has been developed to overcome these drawbacks.89,90 Analogous to the long-range corrected
DFT methods,91–94 the LC-DFTB2 splits electron-electron interactions into short-range and
long-range contributions. The short-range interaction is computed by a DFT exchange-
correlation functional, while the long-range interaction is computed by the HF exchange,
which is sometimes also called “exact exchange”.89 The LC-DFTB2 method systematically
corrects the underestimation of the DFTB HOMO-LUMO gap for small molecules and
zwitterionic proteins in ground-state calculations and thereby enables the correct description
of zwitterions.77,90 Furthermore, the LC-DFTB2 method can be used to provide correct
thermochemistry, geometries, and vibrational frequencies.77 The computational cost of the
LC-DFTB2 method is more expensive than traditional DFTB methods due to the additional
calculations needed to compute the long-range HF exchange term, nevertheless, it is still
orders of magnitude faster than traditional LC-DFT methods.90 To expand the applicability
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of the LC-DFTB2 method, it is necessary to achieve linear scaling with system size.
Therefore, in this dissertation, the linear-scaling LC-DFTB2 method was introduced on
top of the FMO framework, referred to as FMO-LC-DFTB. The FMO-LC-DFTB method
was implemented in the GAMESS-US program.95,96 Its performance was assessed for various
ionic systems, including ionic liquids and proteins. The development of FMO-LC-DFTB
enables large and longtime scale simulations of ionic liquids and metalloprotein enzymes,
which are important material components in energy science.
The rest of the dissertation is organized as follows. In Chapter 2, the theoretical
background of WFT, DFT, DFTB, FMO, and ReaxFF methods are briefly presented. In
Chapter 3, the parameterization and benchmark of DFTB for phosphine-stabilized nanoscale
gold clusters are presented. A case study for a large cluster Au108S24(PPh3)16 using DFTB
with the optimized parameters is also mentioned to highlight the predictive capabilities of
the new parameter set. In Chapter 4, the parameterization and benchmark of DFTB for Pt
nanoparticles and bulk in vacuum and on TiO2 support are presented. The dynamics of Pt
atom on TiO2 surface are demonstrated and discussed. In Chapter 5, the combination of
the FMO approach with the LC-DFTB method and its applicability are presented. Finally,




2.1 Introduction to Quantum Chemistry
Quantum chemistry (QC) is a sub-field in quantum mechanics (QM) developed to understand
the electronic structure of atoms, molecules, and solids from first principles. The central
equation in QC is the Schrödinger equation,97 from which the wave function of a system can
be obtained. In QM, the state of a system can be completely described by Schrödinger’s
“wave function”, and all observable properties of a system can be calculated from it. In the
scope of this dissertation, we will only consider the non-relativistic and time-independent
Schrödinger equation
HΨ = εΨ, (2.1)
where H is the Hamiltonian operator of the system, Ψ is the wave function describing the
state of the system, and ε is the energy of the system. In atomic units, the Hamiltonian


































Here, N and M are the numbers of electrons and nuclei respectively, MA is the mass of nucleus
A in atomic unit, ZA is the atomic number of nucleus A, rij, riA, and RAB are the distance
between the ith and j th electrons, the ith electrons and Ath nucleus, and Ath and Bth
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nucleus, respectively. Since the nuclei are much heavier than the electrons, they move much
slower than the other. Thus, one can consider electrons as particles moving in the field of
fixed nuclei. The kinetic energy of the nuclei can thus be neglected, and the nuclear repulsive
term can be considered as a constant for a given molecular or crystal geometry. This concept
of electrons in a field of fixed nuclei is known as the Born-Oppenheimer approximation. The




















Equation 2.1 could then be rewritten for a given atomic configuration as
HelecΨelec = εelecΨelec, (2.4)
where Ψelec is the electronic wave function describing the motion of electrons in the field
of the fixed nuclei. Unfortunately, in most cases, the analytical solution of equation 2.4 is
unknown. Over the last century, since the birth of QM, two main quantum approaches have
been established to provide approximate solutions to the Schrödinger equation, namely ab
initio wave function theory (WFT) and first-principles density functional theory (DFT). In
the following, I will describe the foundations of WFT, namely Hartree-Fock theory, DFT,
an approximation to DFT called density-functional tight-binding (DFTB), a linear-scaling
approach called the fragment molecular orbital (FMO), and a popular, computationally
less expensive simulation method capable to describe chemical reactions without explicitly
describing wave function or electron density, namely the reactive force field method.
2.2 Hartree-Fock Theory
The foundations of WFT-based methods lies in the Hartree-Fock (HF) method.98 In HF






where h(i) is an effective one-electron operator describing the potential energy and the kinetic
energy of electron i. The effect of electron-electron repulsion is averaged together as a “mean
field approximation”. The eigenfunctions of h(i) are called one-electron spatial orbitals, {φi},
which can be taken to form a set of one-electron spin orbitals, {χi}, by multiplying {φi} by
a spin function, α(ω) or β(ω). The simplest of N-electron wave functions, called the Hartree
product (HP), can be constructed as a product of spin orbitals for each electron
ΨHP (x1, x2, · · · , xN) = χi(x1)χj(x2) · · ·χk(xN). (2.6)
However, the Hartree product does not satisfy the antisymmetry principle, more commonly
known as the Pauli exclusion principle. It was found that a properly antisymmetrized
version of the Hartree N-electron wave function (one that properly obeys the Pauli exclusion
principle) can be arranged as the so-called Slater determinant,




χi(x1) χj(x1) · · · χk(x1)
χi(x2) χj(x2) · · · χk(x2)
...
... . . .
...
χi(xN) χj(xN) · · · χk(xN)
∣∣∣∣∣∣∣∣∣∣∣∣
= |χi(x1)χj(x2) · · ·χk(xN)|.
(2.7)
Considering the ground state of an N-electron system as a single Slater determinant
|Ψ0〉 = |χ1χ2 · · ·χaχb · · ·χN〉, (2.8)















where the first term is the one-electron Hamiltonian integral, the second term is the two-
electron integral representing the Coulomb repulsion between electrons, and the last term, a
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two-electron integral known as the QM exchange which arises as a consequence of |Ψ0〉 that
satisfies the Pauli exclusion principle.
By applying the variation principle, one can find the optimal spin orbitals, which minimize
E0. The solution is the eigenfunction of an equation called the HF equation
f(i)χ(xi) = ǫχ(xi), (2.10)








+ vHF (i). (2.11)
Here vHF (i) is the average potential experienced by the ith electron due to the presence
of the other electrons. Since the Fock operator depends on the entire electronic structure
of the system, which can only be determined after solving the Hartree-Fock equation itself,
the solution to the equation must be solved iteratively. This process of iterative solving
for the orbitals of the Fock equation in a self-consistent manner is therefore called the self-
consistent-field (SCF) method.
The HF method approximately solves the Schrödinger equation by ignoring explicit
electron correlation between electrons with opposite spin, while the Pauli exclusion principle
eliminates the possibility of finding two electrons of the same spin in the same position by way
of the “exchange energy” term. Nevertheless, even the latter term only accounts for spin-
spin interaction and does not consider the explicit Coulomb repulsion between electrons.
Therefore, HF as a mean-field approach is severely affected by the so-called “electron
correlation” error. Neglect of explicit Coulomb electron correlation can cause significant
deviations from experimental results. Therefore, a number of methods have been devised to
take the electron correlation into account based on the wave functions obtained by HF. These
approaches are collectively called post-Hartree-Fock (post-HF) methods. Post-HF methods
are, in general, more accurate methods compared to HF as they attempt to account for the
neglected electron correlation. They accomplish this in a variety of ways, such as extending
the HF wave function by a linear combination of Slater determinants (so-called configuration
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interaction or CI method)99 or by employing Møller-Plesset perturbation theory (MPn)100,101
to the HF wave function. Unfortunately, these methods scale unfavorably with the number
of electrons, thus requiring tremendous computer resources. Therefore, albeit more accurate
than HF, post-HF methods are typically only applicable for very small molecular systems.
2.3 Density Functional Theory
As postulated in QM, knowledge of the N-electron wave function, Ψ(x1, x2, · · · , xN), of a
system implies knowledge of all observable properties of the system in the corresponding
state. However, the wave function of a system was not the only way observable properties
of a system could be obtained. Hohenberg and Kohn famously proved that knowing the
electron density, ρ(r), of a system could also be used to know all observable properties of
the system in the ground state.51 Thus, the description of the N-electron system by a wave
function can instead be replaced by the electron density of the system with an equivalent
theory to WFT, now called density functional theory (DFT). The formalism of DFT was
based on their two theorems.51 The first theorem states that the ground-state properties
of a many-electron system can be uniquely determined by an electron density, ρ(r). The
total energy of the system, within the Born-Oppenheimer approximation, thus becomes a
functional of the electron density
E[ρ(r)] = T [ρ(r)] + V ee[ρ(r)] +
∫
ρ(r)vext(r)dr, (2.12)
where T and V ee are the kinetic and electron interaction energies, respectively, and vext(r)
is the external potential. The second theorem states that the energy E[ρ(r)] of this system
takes its minimum value when the electron density is the ground-state electron density ρ0(r).
Therefore, the ground state energy and its corresponding electron density can be obtained by
solving the minimization problem of E[ρ(r)] with respect to ρ(r). However, the original DFT
method possesses a serious challenge that has yet to be overcome, the analytical formulation
of T and V ee, both of which remain unknown to date.
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This practical limitation notwithstanding, approximations to the true density functional
have been implemented and employed in DFT calculations, starting with the precisely-known
energy functional for a hypothetical system, the free-electron gas. With an approximate
functional, Kohn and Sham have then suggested a practical procedure using an orbital-based
approach to perform DFT calculations using the SCF method in a process analogous to HF
theory.52 The main contribution of kinetic and electron interaction energies is evaluated
by the non-interacting kinetic energy, T 0, and the classical Coulomb interaction energy,
EH [ρ(r)], respectively









|r − r′| drdr
′. (2.14)
The Equation 2.12 can be rewritten as
E[ρ(r)] = T 0 + EH [ρ(r)] +
∫
ρ(r)vext(r)dr + T [ρ(r)]− T 0 + V ee[ρ(r)]− EH [ρ(r)]




where Exc[ρ(r)] is called the exchange-correlation energy, which includes the difference
between interacting and non-interacting kinetic energies and the non-classical electron-
electron interaction energy.





By substituting Equation 2.16 into Equation 2.15, and then minimizing the equation with








′ + vext(r) + vxc[ρ(r)]
)
φi(r) = ǫiφi(r). (2.17)
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Here vxc[ρ(r)] is the derivative of the exchange-correlation energy with respect to the





Since the equation depends on the electronic structure of the system, ρ(r), the equation must
be solved iteratively in a similar SCF fashion to the Hartree-Fock method.
If the expression of the exchange-correlation functional is given, the system’s electron
density and ground state energy can be obtained by solving the Kohn-Sham equation.
Unfortunately, the exact formulation of Exc is unknown. Over time, numerous versions
of the approximate Exc have been reported. In this section, the two main types of
approximation for Exc, namely the local density approximation (LDA) and the generalized
gradient approximation (GGA), are briefly reviewed.
LDA is a class of approximations to the exchange-correlation energy functional that are
based only on the description of the electron density value at a given evaluation point.




where ǫxcLDA[ρ(r)] is the exchange-correlation energy per particle of a homogeneous electron
gas of density ρ(r). ǫxcLDA[ρ(r)] consists of the exchange part, ǫ
x

















while ǫcLDA[ρ(r)] can be parameterized from highly accurate approaches like numerical
quantum Monte-Carlo.103
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Apart from LDA methods, GGA methods uses not only the electron density but also its




The GGA exchange-correlation energy is a functional of the electron density and its gradient.
The gradients provide more information about how the energy varies with changes in electron
density around the evaluation point. Thus, GGA functionals would offer a significant
qualitative improvement over LDA functionals. In a similar footing, the second derivative of
electron density can be included to provide more information about how the energy varies
with electron density variation around the evaluation point, leading to a class of functionals
called meta-GGA.104,105
The aforementioned LDA, GGA, and meta-GGA functionals are categorized as a family
of “pure” DFT functionals because their functionals depends only on the electron density
and its derivatives. These pure DFT functionals can exhibit remarkable failures such as
underestimation of the frontier orbital energy gap in molecules, bandgap in materials,
and charge-transfer excitation energies, as well as the overestimation of charge-transfer
and conductance, incorrect description of activation energies for chemical reactions and
binding energies in charge-transfer complexes, and absence of the Rydberg series.79,81,83–88
The failures of these pure DFT functionals can be attributed to the self-interaction error
(SIE), also known as the delocalization problem. Lately, hybrid functionals and range-
separated functionals have been developed to correct the SIE by combining the traditional
DFT exchange with the HF exchange.106–111 These hybrid/range-separated DFT functionals
fix many of the failures found in pure DFT functionals and usually give very accurate results
in a wide range of properties.
In general, DFT approximates for electron correlation by introducing an empirical energy
functional of the electron density, through a term called the “electron exchange-correlation”
(xc) functional. In practical applications, DFT can be comparable to post-HF methods
in terms of accuracy but at remarkably reduced computational cost, more commensurate
with the HF approach. For these reasons, DFT is currently considered as the most popular
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method in computational chemistry and solid-state physics.87 Nowadays, with the rapid
increase in computing power, the calculation of molecular structures of systems containing
several hundred atoms by DFT became routine. However, large-scale systems like proteins
or nano-materials remain beyond the scope of HF or DFT. Therefore, further approximation
is needed to reduce the amount of computational time.
2.4 Density-Functional Tight-Binding (DFTB)
2.4.1 From DFT to DFTB
The central idea of the DFTB method is that the “electrons are tightly bound to atoms”.112
Only valence electrons are considered explicitly in a minimal atomic basis set, while core
electrons are treated in an empirical manner using two-center repulsive potentials. The
derivation of DFTB from DFT was described in great detail by Michael Gaus.113 Here, only
important equations of the derivation are discussed.
Considering a system of electrons and nuclei, the external potential experienced by
electrons, vext(r), is defined by the nucleus potential, vne(r),






The DFT electronic energy of the system can be obtained by solving Equation 2.17. The
total energy of the system can be obtained by adding the nucleus-nucleus interaction energy,




















|r − r′| dr
′dr −
∫
vxc[ρ(r)]ρ(r)dr + Exc[ρ(r)] + Enn,
(2.24)









The electron density, ρ(r), is expanded to include small fluctuations, ∆ρ(r), from a reference
electron density, ρ0(r),
ρ(r) = ρ0(r) + ∆ρ(r). (2.26)
Substituting ρ(r) from Equation 2.26 into Equation 2.24, the DFT total energy can be
rewritten as


















































∆ρ(r′)∆ρ(r)dr′dr + Exc[ρ0(r) + ∆ρ(r)],
(2.27)







′ + vne(r) + vxc[ρ0(r)] (2.28)
.
Further approximations can be made, where the exchange-correlation energy Exc[ρ0(r)+
∆ρ(r)] is substituted by its Taylor series expansion with respect to the fluctuation of election
density


































∆ρ(r′′)∆ρ(r′)∆ρ(r)dr′′dr′dr + . . . .
(2.29)
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Different levels of approximations can be introduced by truncating of this Talyor se-
ries.50,53,55,58,114 The second, third, fourth, and fifth terms of Equation 2.29 depend only
on the reference electron density, ρ0(r), and distance of atoms. Thus, one can approximate





|r − r′| dr
′dr −
∫










where V repab (Rab) is an atom-pair potential depending on distance, Rab, between atom “a”


























∆ρ(r′′)∆ρ(r′)∆ρ(r)dr′′dr′dr + . . .
(2.31)
2.4.2 Non-Self-Consistent-Charge (NCC) DFTB
The NCC-DFTB50,53,114 neglects the second- and higher-order terms of the Talyor series
















µν − ǫiSµν) = 0. (2.34)
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Here, H0µν and Sµν = 〈φµ|φν〉 are the Hamiltonian and overlap matrix elements, respectively.









∇2 + V [ρ0a + ρ0b ]
∣∣φν
〉
if a 6= b
ǫfree atom if a = b, µ = ν
0 if a = b, µ 6= ν.
(2.35)
Since the Hamiltonian matrix element does not depend on the electronic structure, the
iterative SCF procedure is not necessary. This leads to a non-self-consistent-charge (NCC)
scheme. Because the Hamiltonian of NCC-DFTB does not depend on the electron density
fluctuation ∆ρ, it makes NCC-DFTB the fastest among DFTB variants, but is suitable only
for systems with small interatomic charge transfer, such as homoatomic systems.38,57
2.4.3 Self-Consistent-Charge (SCC) DFTB
The second-order term in the density fluctuation becomes important in the case of
heteroatomic compounds when the charge transfer among atoms becomes non-negligible.




















where γab(Rab) is a function that depends only on the distance between atom a and b and
their chemical hardness and ∆qa which is the deviation of the Mulliken population on atom











(cµicνiSµν + cνicµiSνµ)− q0a. (2.37)
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cνi(Hµν − ǫiSµν) = 0, (2.39)









(γac + γbc)∆qc. (2.40)
Since ∆qc depends on MO coefficients, cµi, which can only be determined after solving
Equation 2.39, the equation must be solved iteratively, hence is called the self-consistent-
charge (SCC), a process analogous to the SCF in DFT. The SCC-DFTB method system-
atically improves the charge-charge interaction, making it more suitable to describe polar
systems.38,57
2.4.4 Long-Range Corrected (LC) DFTB
The traditional DFTB methods, which were derived from a local-density approximations
(LDA) or generalized gradient approximations (GGA) DFT functionals, inherits not only
its advantages but also its most infamous shortcoming, the so-called self-interaction error
(SIE).79,86,115 The spurious repulsion between an electron with its own electron density
artificially stabilizes delocalized states, leading to a variety of computational artifacts.
These artifacts include: the underestimation of the frontier orbital energy gap in molecules,
bandgap in materials, and charge-transfer excitation energies, as well as the overestimation
of charge-transfer and conductance, the incorrect description of activation energies for
chemical reactions and binding energies in charge-transfer complexes.79,81,83–88 The long-
range corrected (LC) version of the SCC-DFTB has recently been developed in order to
overcome the inherited SIE.89,90 The derivation of LC-DFTB from DFT was described in
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detail by Niehaus et al.89 Here, only the important equations of LC-DFTB are shown. The























where “a” and “b” denote atoms; and µ, ν, α, and β are indices for atomic orbital (AO). The
Dµν and ∆Dµν are elements of the electron density matrix and the deviation electron density







∆Dµν = Dµν −D0µν . (2.43)
The cµi is the expansion coefficients of the ith molecular orbital (MO) in an AO basis set;
D0 represents the electron density matrix of the reference system; and ∆qa is the deviation











(cµicνiSµν + cνicµiSνµ)− q0a. (2.44)
Here Sµν = 〈φµ|φν〉 are the overlap matrix elements. The four center integral, the last term
of Equation 2.41, is simplified by applying the Mulliken approximation.116,117































where γµν = γab and γlrµν = γ
lr
ab if µ ∈ a and ν ∈ b, γab and γlrab are functions dependent on
the distance between atoms and their chemical hardness. It is worth mentioning that the γlr
also depends on a range separation parameter ω, which regulates the “long-range distance”.
Similar to SCC-DFTB, one can obtains an eigenvalue problem by employing the variational
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principle to Equation 2.45,
AO∑
ν
cνi(Hµν − ǫiSµν) = 0. (2.46)























The evaluation of the last term of Hµν is computationally heavy. Lutsker et al. have


















































where S̄ac=max(|Sµα|) with µ ∈ a, α ∈ c, and ∆D=max(|Dαβ|). By comparing S̄ac∆DS̄db
to a threshold value, ǫthreshold, one can avoid evaluation of the negligible small contribution,
S̄ac∆DS̄db ≤ ǫthreshold. (2.50)
The LC-DFTB method corrects the systematic underestimation of the DFTB HOMO-
LUMO gap for small molecules and zwitterionic proteins in ground-state calculations.77,90
It was found that the LC-DFTB method also has great performance for thermochemistry,
geometries, and vibrational frequencies. Furthermore, the performance for intramolecular
charge transfer and excited states by the time-dependent (TD)-LC-DFTB method is also
quite auspicious.90,118
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2.5 Fragment Molecular Orbital (FMO)
The FMO method is a linear-scaling approach for computing large-sized chemical systems.119
The central concept of the FMO method is dividing these large-sized systems into sets of
smaller fragments. The properties of these systems can be recovered by summing up values
calculated from the fragments. For instance, the total energy of the whole system in the





where N is the number of fragments, EI is the energy of a monomer (fragment) I. The
calculation of each fragment must be done in the presence of an electrostatic potential (ESP)
generated by surrounding fragments. The FMO1 approach fails to describe charge transfer
between fragments due to its simplicity. To describe the charge transfer between fragments
and improve the accuracy of the approach, the two-body FMO (or FMO2) expansion120 was









∆EIJ = EIJ − EI − EJ , (2.53)
and EIJ is the energy of a dimer consisting of fragments I and J. Since the number of
dimer calculations scales quadratically with the size of systems, the computational time
generally also scales quadratically. To achieve a near-linear-scaling, the electrostatic dimer
(ES-DIM) approximation119,121 is typically used for far separated dimers, in which the amount
of charge transfer between fragments becomes negligibly small. In a similar footing, the three-
body FMO (or FMO3) expansion was also introduced to include the three-body quantum
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∆EIJK −∆EIJ −∆EIK −∆EJK
)
, (2.54)
In order to preserve computational efficiency, the three-body quantum effects of far separated
trimers can also be neglected using the I-TRIM algorithm.44,124 In this dissertation, A
combination of the FMO2 and FMO3 with the LC-DFTB method will be discussed in more
detail in Chapter 5.
2.6 Reactive Force Field
Alternatively, to DFTB or other semi-empirical QM (SQM) methods that are derived from
QM, reactive force field (ReaxFF)17,125 is a method based on classical molecular mechanics,
utilizing bond-order potentials that has been developed to describe the bond formation and
bond breaking during chemical reactions. The ReaxFF potential is defined as
EReaxFF = Ebond + Eangle + Etors + Eover + Eunder + Elp + Evdw + Ecoul + Especific, (2.55)
where Ebond, Eangle, and Etors are the bond, angle, dihedral contributions, respectively;
Eunder and Eover are the energy-penalty terms that prevents the under-coordination and
over-coordination of atoms, respectively; Elp is the energy of lone-pair electrons; Evdw and
Ecoul are the dispersive and electrostatic contributions, respectively; and Especific represents
additional energy corrections for a particular system of interest. The six first terms are bond-
order dependent. In ReaxFF, the bond-order (BO) is estimated from interatomic distances































where BOij and rij are the bond order and interatomic distance between atoms i and j.
r0 is the equilibrium bond length, and pbo(1−6) are empirical fitting parameters. Generally,
25
the ReaxFF method is 1 to 2 orders of magnitude faster than DFTB. Nevertheless, a recent
benchmark shows that the ReaxFF can lead to many unphysical mechanisms for chemical
reactions.125 Similarly, ReaxFF’s low transferability limits its applications to only systems






A version of this chapter was originally published by Vuong, V. Q.; Madridejos, J. M. L.;
Aradi, B.; Sumpter, B. G.; Metha, G. F.; Irle, S. “Density-Functional Tight-Binding for
Phosphine-Stabilized Nanoscale Gold Clusters” Chem. Sci. 2020, 11, 13113–13128.
3.1 Abstract
We report a parameterization of the second-order density-functional tight-binding (DFTB2)
method for the quantum chemical simulation of phosphine-ligated nanoscale gold clusters,
metalloids, and gold surfaces. Our parameterization extends the previously released DFTB2
“auorg” parameter set by connecting it to the electronic parameter of phosphorus in the
“mio” parameter set. Although this connection could technically simply be accomplished by
creating only the required additional Au-P repulsive potential, we found that the Au 6p and
P 3d virtual atomic orbital energy levels exert a strong influence on the overall performance
of the combined parameter set. Our optimized parameters are validated against density
functional theory (DFT) geometries, ligand binding and cluster isomerization energies, ligand
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dissociation potential energy curves, and molecular orbital energies for relevant phosphine-
ligated Aun clusters (n = 2− 70), as well as selected experimental X-ray structures from the
Cambridge Structural Database. In addition, we validate DFTB simulated far-IR spectra for
several posphine- and thiolate-ligated gold clusters against experimental and DFT spectra.
The transferability of the parameter set is evaluated using DFT and DFTB potential energy
surfaces resulting from the chemisorption of a PH3 molecule on the gold (111) surface.
To demonstrate the potential of the DFTB method for quantum chemical simulations of
metalloid gold clusters that are challenging for traditional DFT calculations, we report the
predicted molecular geometry, electronic structure, ligand binding energy, and IR spectrum
of Au108S24(PPh3)16.
3.2 Introduction
Atomically precise ligated gold clusters of nanometer dimension receive continued attention
due to their unique catalytic properties66,126,127 and well-defined discrete electronic energy
levels128 that potentially offer greater flexibility and control over the more metal-like states
of the corresponding bare gold nanoparticles and complexes.66,129 Nanoscale gold clusters
have shown high catalytic activity and selectivity for certain reactions at low temperature,
such as the oxidation of carbon monoxide, propene and alcohols, or the hydrogenation of
acetylene.63–66 Commonly chosen “capping ligands” employed to stabilize atomically precise
nanoscale gold clusters are typically thiolates and phosphines, which prevent aggregation,
coalescence and unlimited growth during synthesis.130 Post-treatment is usually required to
remove some (or all) of the ligands to allow interaction with the substrate or reactants.131–135
To achieve control over such complex catalytic systems it is vitally important to understand
the relationship between molecular and electronic structure, often studied by a combination
of experimental and theoretical approaches.67,68 In addition, a better knowledge of the
energetics associated with ligand removal is required to identify how post-treatment can be
done without inducing concomitant side-effects such as agglomeration. Density functional
theory (DFT) methods are most often employed in theoretical investigations, as they
are capable to accurately describe electronic, geometrical, and vibrational structure of
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gold clusters and nanoparticles.68,136–148 In particular, the DFT-based simulation of IR,
Raman, and UV-vis spectra has been achieved for a range of gold clusters, thus providing
useful theoretical fingerprints to distinguish between bonding arrangements and orientations
between gold atoms and ligands, and ligand-ligand interactions within clusters.142,149–153
Unfortunately, DFT calculations can become prohibitively expensive with system size,19
and routine theoretical investigations are limited to moderate system sizes. One way of
reducing the computational cost is to entirely neglect the ligands and only perform DFT
calculations on the gold cores. An alternative way is to employ simplified ligand models
where e.g. triphenylphosphine (PPh3) is replaced by phosphine (PH3) or trimethylphosphine
(PMe3).136,137,141,144,145,147,148,154 This, as with the complete ligand removal approach, has the
additional benefit that conformational searching is simplified, as the torsions of the three
phenyl groups per ligand give rise to a large number of local minima with similar energies.
Nevertheless, it is well known that the electronic effects of the larger ligands are different from
those of the smaller ones, for instance inductive effects,154–157 and a computational truncation
of the ligands will influence the chemistry and therefore description of the catalytic properties
in calculations. Integrated schemes such as ONIOM158 may be used to capture such electronic
effects in calculations on the untruncated “real” systems; however, the choice for high and
low levels of theory and the definition of the interface between them is not straightforward.
A rigorous ONIOM study requires benchmarks of the selected methods against a high-level
calculation for the “real” system,159 which is often computationally unfeasible. In practice
therefore, integrated methods are often difficult to employ in the context of ligated nanoscale
metal clusters. Besides the computational effort related to the proper modeling of the ligands,
the size of the metal cluster itself can become problematic for conventional DFT studies,
severely impacting the size range of gold clusters to be investigated for property control and
fine-tuning. Exacerbating this problem is the recent emergence of larger, so called metalloid,
clusters such as Au108S24(PPh3)16.144 To make matters even worse, interactions of deposited
gold clusters with substrate surfaces such as SiO2 and TiO2 may play an important role in
the catalytic reaction,131–135,160 which further increases the computational expense of DFT
studies. A recent review on connections between theory and experiment for gold nanoclusters
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has thus posed the question as to how theoretical calculations can be expanded to treat larger
sizes and length scales.67
Semi-empirical electronic structure methods offer the capability to simulate large systems
with explicit inclusion of electronic structure by introducing empirical parameters and
methodological approximations to rigorous ab initio or first principles methods.32–34,161–163
Among them, density-functional tight-binding (DFTB),53–55,58,89,161 an approximation to
DFT formulated in the framework of non-orthogonal tight binding, has emerged as one of
the most accurate, and potentially versatile choices. DFTB is capable of simulating systems
containing many thousands of atoms with an accuracy comparable to traditional DFT
methods.33,59,164 As the DFTB method takes advantage of the two-center approximation,
tabulated Hamiltonian and overlap integrals within the Slater-Koster scheme,58,112 it is
two to three orders of magnitudes faster than DFT. In order to apply DFTB into the
theoretical study of ligated gold clusters, it is necessary to provide accurate parameters for
all binary chemical element interactions, most notably Au-S and Au-P. The Au-S interaction
in combination with the “mio” parameter set55,58,165 was included in the “auorg” parameter
set for gold-thiolates clusters,61,69 but the parameters for the Au-P interaction have not been
developed.
In this work, we report a parameterization of the Au-P interactions for the second-
order DFTB (DFTB2) method for the sake of compatibility with the previously developed
parameters. The accuracy of these new DFTB parameters is probed by comparing the
corresponding properties against DFT-calculated values and available experimental results
in terms of: (1) root mean square deviations of optimized geometries, (2) energetic properties,
i.e. ligand binding energies, relative isomer energies, and ligand dissociation energy profiles,
(3) electronic structure, (4) normal vibrational modes of Au-P containing clusters, and (5)
the adsorption of a PH3 molecule on the gold (111) surface. Finally, we present DFTB-based
predictions for structural, energetic, and vibrational properties of the recent experimentally
reported metalloid gold cluster Au108S24(PPh3)16.144
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3.3 Methodology and computational details
3.3.1 Brief overview of DFTB2
A comprehensive review of DFTB methods can be found elsewhere38 and will not be repeated
here. In this work, we only focus on generating parameters for the DFTB2 method, which
is also referred to as self-consistent-charge (SCC)-DFTB.58 The DFTB2 total energy can be
viewed as a 2nd order Taylor expansion of the Kohn-Sham energy with respect to a reference















where Ĥ0 is the initial Hamiltonian constructed from the superposition of neutral atomic
densities in a two-center approximation,53 and the |Ψi〉 are occupied valence molecular
orbitals (MOs), expanded as a linear combination of optimized pseudo-atomic orbitals |φµ〉.
The optimization of these pseudo-atomic valence orbitals and orbital densities for a given
chemical element constitutes the determination of the electronic parameters. ∆qA is a point
charge166 on atom A, and γAB∆qA∆qB represents the Coulomb interaction energy between
the two point charges;58 when A = B, γAA is the chemical hardness or second derivative of




− S(rAB, UA, UB), (3.2)
where S is an exponentially decaying short-range function that depends on the distance
between the two atoms rAB = |rA− rB| and their chemical hardness, given in form of the so-
called Hubbard parameter U . The latter is calculated prior to molecular DFTB calculations
for each chemical element using the DFT method, typically employing the Perdew-Burke-
Ernzerhof (PBE) functional.167
In the framework of the two-center approximation, the Hamiltonian integrals 〈φµ| Ĥ0 |φν〉
and the overlap integrals 〈φµ|φν〉 are pre-tabulated for each chemical element pair. As in all
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tight binding approaches, the DFTB2 total energy consists of an electronic energy, which is
the sum of the first two terms in eq 3.1, and a summation over all unique repulsive potentials
between two atoms ErepAB. The latter are formulated as a two-center term that depends only
on the chemical element type of atoms A and B and their interatomic distance rAB.38 In
principle, these pairwise repulsive potentials can be pre-calculated analytically from DFT
for diatomic molecules. However, it was found that the performance of such DFT-based
repulsive potentials is usually not sufficiently accurate for general purposes.69 Therefore,
in practice, one computes DFT- or wave function theory (WFT)-based reference relative
energies for model systems that contain various bond lengths of the chemical element pair
in question, and fits the total repulsive energy such as to minimize the difference between
reference and resulting DFTB relative energies. For this purpose, the repulsive potentials











i=0 aAB,n,i(rAB − r0AB,n)i r0AB,n ≤ rAB < r0AB,n+1;
0 r0AB,cutoff ≤ rAB,
(3.3)
where “r0AB,n” is a spline knot at the n
th interval, and the “aAB,n” are the polynomial spline
coefficients. These variables are considered the free empirical parameters and optimized
either by hand or automatically75,77,78 to minimize the difference between reference and
DFTB relative energy for a series of training systems. In addition to relative energies,
repulsive potentials can also be optimized to fit molecular geometries by minimizing the
difference between the reference DFT or WFT energy gradient and the DFTB energy gradient
for a set of equilibrium and non-equilibrium geometries in the training set. The possible
constraints on the repulsive potentials include a cutoff radius, a limit on the number of
allowable extrema, and a continuity requirement up to a given derivative order.
3.3.2 Gold-phosphorus parameterization
As indicated above, there are two groups of DFTB2 parameters that need to be determined:
(1) the electronic parameters, and (2) the repulsive potentials for pairs of chemical elements.
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The electronic parameters are comprised of the radii rwf used in the definition of atomic
confinement potentials for generating pseudo-atomic orbitals |φµ〉 as well as the confinement
radii rdens for the atomic density; additional electronic parameters are the atomic orbital
energies and the atomic Hubbard parameters U for each chemical elements.58 While the AO
energies and the Hubbard parameters U are normally taken from DFT calculations of the
free atom, the other electronic parameters and pairwise repulsive potentials are subject to
optimization with the goal to reproduce certain desired properties; for instance, electronic
band structure, atomization energies, reaction energies, and geometries (energy gradients).
In order to parameterize the Au and P interactions for DFTB2, we adopted the Au electronic
parameters from the “auorg” set published by Fihey et al. (referred to as auorgα),61 and a
modified version of “auorg” by Oliveiria et al. (referred to as auorgχ).69 The difference
between these two parameter sets lies in the Au 6p-orbital energy; in the auorgα set it was
taken as the true PBE orbital energy, while in the auorgχ set it was empirically shifted upward
by ≈ +0.0279 Hartree. The main purpose for this orbital energy shift was to obtain improved
values for cohesive energies of pure gold nanoclusters with respect to PBE.69 Following the
work of “auorg”, only 5d and 6s valence electrons are considered, in total 11 valence electrons
per Au atom. The parameters of the other elements in the auorgα and auorgχ sets were taken
from the “mio” parameter set.55,58 Consequently, we adopted the electronic parameters for P
taken from the “mio” parameter set as well. It is important to mention that the 3d orbital
energy of the P atom had been shifted by +0.5 Hartree from its PBE-calculated value of
0.02044 Hartree, according to Gaus et al. to reduce the overbinding in phosphate compounds,
as the shift had also been adopted in the “3ob” parameter set for the DFTB3 method.55,168
However, in the case of Au-P interactions, such a drastic shift of the P 3d virtual orbital
energy introduces significant underbinding. We therefore decided to investigate the effect of
the P 3d orbital energy level in detail. We systematically increased the value of the P 3d
orbital energy by increments of 0.1 Hartree from its PBE computed and the “mio” shifted
value, and used our genetic algorithm (GA) optimization tool77 to automatically generate
repulsive potentials for the Au-P interaction with these orbital energy shifts. In this way we
tested the performance of the resulting Au-P parameterization with special consideration of
geometries and binding energies for the adsorption of a PH3 on Au (111). An energy value of
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0.12044 Hartree was determined as the optimal compromise for the P 3d orbital. We refer to
Table A.1 in the Supporting Information for the performance of DFTB2/mio with different
P 3d orbital energies for a selected test set of chemical reactions involving H, C, N, O, P,
and S containing compounds.
We decided to introduce a nomenclature for denoting the different choices of Au 6p and
P 3d orbital energies in our parameters. Following Oliveira et al.69 we denote the original
PBE Au 6p energy value by ‘α’ and its modified value by ‘χ’. The shifted “mio” P 3d
energy will leave these notations unchanged, while the use of our new optimized P 3d orbital
energy value of 0.12044 Hartree will be denoted with a prime, ‘′’. Hence, auorgα coupled
with the original “mio” P is unchanged, while the auorgα and auorgχ coupled with the new
P 3d-orbital energy are referred to as auorgα′ and auorgχ′, respectively. Because auorgχ
exhibits the largest underestimation of the Au-P electronic binding energy (both Au 6p and
P 3d virtual orbital energies are shifted upwards from PBE values), we did not generate
Au-P repulsive potential for this orbital energy combination. Table 3.1 summarizes the
nomenclature of the three different parameter sets and the relationship with their employed
Au and P virtual atomic orbital energies.
The Au-P repulsive potentials were optimized on the basis of shell-resolved self-consistent
charge electronic energies to fit ligand binding energies and forces for the training set listed
in Table 3.2 using our in-house genetic algorithm (GA)-based parameterization tool.77 After
several preliminary tests, we employed a cutoff radius of 4 Å and 5 spline knots (the maximum
for n in eq 3.3 was equal to 5), one allowable extremum, and a continuity requirement
up to the third derivative. For the GA optimization, population sizes of 3000 and 5000
generations were employed with two-point crossover and random mutation rates of 0.9 and
0.2, respectively. The GA was used to minimize a scoring function F score defined as the





























Au -0.02786 -0.02786 -0.00001
ǫ3dP 0.52044 0.12044 0.12044
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where ∆Ebind = EbindeDFTB − Ebindref is the deviation in ligand binding energies, ∆F force =
F
force
eDFTB − F forceref is the deviation in forces, W bindi and W
force
i are weight factors of the i
th
binding energy and the force of the ith structure, respectively, Neq is the number of fitting
data points, Ni is the number of atoms in the ith compound, and eDFTB stands for the
DFTB energy without repulsive potential term. In the training, we empirically shifted the
reference ligand binding energies of PH3 by -24 kcal/mol for auorgα′ and -22 kcal/mol for
the auorgχ′ to better reproduce ligand binding energies of larger ligands and the adsorption
of PH3 on the Au (111) surface. Surprisingly, auorgα′ and auorgχ′ optimized Au-P repulsive
potentials are almost identical, see Figure A.1 in the Supporting Information. In principle,
the Au-P repulsive potential for auorgα can also be optimized in a similar way to maximize
its performance, however, for the sake of simplicity and transferability we decided to use the
same Au-P repulsive potential for auorgα′ and auorgα.
3.3.3 Computational details
In the original parameterization of the auorg set,61 the generalized gradient approximation
(GGA) PBE density functional was selected to generate reference geometries and cluster
binding energies. In this work, we opted for the TPSS density functional104 because it was
noted by Kepp169 and Goel et al.137 that this meta-GGA functional reproduces experimental
or high-level theory bond energies and ligand-gold distances better than the standard GGA
PBE functional. For the training set of small clusters in Table 3.2, the reference data were
computed by the TPSS in combination with Ahlrich’s triple-zeta valence polarized basis set
(def2-TZVP).170 No dispersion correction was employed in the calculations generating the
training set in order to avoid complications originating from a possible convolution of DFTB
repulsive energy terms and the long-distance dispersion term.
In order to benchmark the accuracy of the new parameters, ligand binding ener-
gies and optimized geometries were compared to their TPSS counterparts for various
complexes of PH3, PMe3, PPh3 and small- to moderate-sized gold clusters. For the
larger complexes, which are listed in Table 3.3, the experimental structures from the
Cambridge Structural Database (CSD) were used as the reference geometries. The different
phosphorus-containing ligands considered in this test set are triphenylphosphine (PPh3),
36
Table 3.2: Training set for Au-P repulsive potential fitting and weights for each complex











Complexes ∆RAu−P (Å) Weights
[Au1 –PH3]+ -0.3 0.5
[Au1 –PH3]+ -0.2 0.5
[Au1 –PH3]+ -0.1 0.5
[Au3 –PH3]+ +0.1 0.5
[Au3 –PH3]+ +0.2 0.3
[Au3 –PH3]+ +0.3 0.1
Ligand Binding Energies
Reactions ∆E (kcal/mol) Weights
[Au3]+ + PH3 = [Au3 –PH3]+ ⇒ -55.53 1.0
[Au4]2+ + PH3 = [Au4 –PH3]2+ ⇒ -76.27 1.0
[Au6]2+ + PH3 = [Au6 –PH3]2+ ⇒ -65.01 1.0
[Au6(planar)]2+ + PH3 = [Au6(planar)–PH3]2+ ⇒ -64.58 1.0
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1,1-bis(diphenylphosphino) propane (dppm), 1,3-bis(diphenylphosphino) propane (dppp),
methyldiphenylphosphine (PMePh2), tris(2-(diphenylphosphino) ethyl) phosphine (PP3) and
1,8-bis(diphenylphosphino) octane (dppo). Additionally, there are thiol-containing ligands in
some clusters comprised of reduced S2 – and meta-methylbenzenethiol (m-MBT). For these
test sets, the reference calculations were performed at the TPSS/def2-SVP170 level of theory.
Here we included the empirical D3 dispersion contribution171,172 in both DFT and DFTB2
calculations.173 The D3 dispersion correction was used to improve description of ligand-ligand
interactions and ligand effects which are deemed to be important factors on the structural,
electronic, and vibrational properties of ligated gold clusters.142 In the DFT calculations we
employed an effective core potential (ECP)174 for the Au atoms. In order to accelerate the
DFT calculations, we employed the resolution-of-the-identity (RI) approximation with the
corresponding auxiliary basis sets.175 All non-periodic DFT calculations were carried out
using the implementation of the ORCA code.176 DFTB2 single point energy and geometry
optimization calculations were performed with the DFTB+ code.177 All DFTB calculations
were carried out with the shell-resolved SCC option “OrbitallyResolvedSCC = Yes”. The
auorg parameter was designed such that this option mostly affects the charge distribution
on the gold atoms themselves and their interactions with the other elements.
To test the accuracy of the DFTB parameters for the prediction of vibrational
spectroscopic data, we compared DFTB- and PBE-calculated far-IR spectra to the
experimental spectra for [Au6(dppp)4]2+, [Au8(PPh3)8]2+ and [Au9(PPh3)8]3+ clusters. The
DFTB2 IR vibrational spectroscopy calculations were computed using the GAMESS-US
code.96,178 The simulated IR spectra were obtained by convoluting the calculated stick spectra
using a Lorentzian line shape function with 3 cm−1 full width at half maximum.
The transferability of the DFTB parameters was evaluated by comparing DFT and DFTB
energy landscapes of PH3 adsorption on the Au(111) surface. A 4x4 supercell consisting
of 4 layers of Au atoms was cut from bulk and a vacuum layer of 20 Å was added to
effectively suppress through-space slab-slab interactions. For the adsorption energy scans,
all Au atoms were fixed. Selective geometry relaxation was used by constraining the P atom
of the PH3 molecule in all but the z-direction, while the H atoms the were fully optimized.
For the DFT calculations, the PBE functional was used with the projector augmented wave
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(PAW) approach,188 the kinetic energy cutoff was 450 eV, and k-point grids were generated
dynamically using a 3x3x1 Monkhorst-Pack scheme. The DFT calculations were carried
out with the Vienna Ab initio simulation package (VASP) program in conjunction with the
provided “PAW_PBE” pseudopotentials.189,190 The convergence criteria were set to 10−6 eV
for achieving self-consistent field energies, and 0.005 eV/Å for the maximum force in case of
geometry optimizations.
For the demonstration application, a case study on the large Au108S24(PPh3)16 metalloid
was performed. The initial positions of Au, S, and P atoms were taken from the experimental
crystal structure (CSD code: DAFLOO). The PH3 and PPh3 ligands were added based on
the position of the P atoms in the CIF file. Then, these complexes went through a two-step
geometry optimization: First, only C and H atoms were optimized while Au, S and P atoms
were fixed, and second, all atoms were optimized. The fully relaxed complexes were used to
calculate binding energy, electronic properties and the IR spectrum.
3.4 Results and discussion
3.4.1 Performance for small- and moderate-sized clusters
Small-Sized Clusters: The differences between DFTB and TPSS/def2-SVP levels of
theory for optimized geometries and ligand binding energies were evaluated for nine model
complexes, which were constructed from three small-sized gold clusters Aun (n = 2, 3, and
4) with three phosphorus-based donor ligands, including PH3, PMe3 and PPh3. Overall,
Figure 3.1 shows that all three parameter sets are performing very well, as measured by
the root mean square deviation (RMSD) over Au and P atom positions, with all values
below 0.13 Å. auorgα is superior among the three sets with a maximum RMSD of only 0.09
Å, while auorgα′ produces typically the largest error. The averaged and normalized DFTB
ligand binding energy generally shows overbinding for these small-sized complexes relative
to the reference TPSS/def2-TZVP level of theory, strongest for auorgα′ and least for auorgα
(see Figure 3.1 and Table A.2 in the Supporting Information). We note that the deviation
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Figure 3.1: RMSD over atomic positions (upper panel), and deviation in averaged and
normalized ligand binding energies (lower panel) for the small-sized gold clusters with
different phosphine ligands (L = PH3, PMe3, and PPh3). The RMSD over atomic positions
only considers Au and P atoms.
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ligands: Errors are largest for the PH3 ligand and smallest for the PPh3 ligand. The variation
of the binding energy deviation can be attributed to the electronic interaction rather than
the repulsive potential: while all Au-P bond lengths in these complexes are almost the same,
≈ 2.35 Å, the averaged and normalized ligand binding energies increase with the Au cluster
size as well as ligand size. For instance, the ligand binding energies of PH3, PMe3, PPh3 with
Au4 cluster are -33.91, -46.44, and -48.69 kcal/mol respectively. Since the overbinding can be
caused by low virtual orbital energies, it makes sense that the auorgα′ is mostly affected by it.
As for the ranking in performance for averaged and normalized ligand binding energies, we
find the same order as for the geometries: auorgα is the best parameter in terms of binding
energy, while auorgα′ performs the worst.
Moderate-Sized Clusters: Figure 3.2 displays the same performance data for
moderate-sized clusters Aun (n = 6 − 22) with phosphine or trimethylphosphine ligands.
The DFTB optimized geometries agree acceptably well with those from TPSS/def2-SVP,
with RMSDs less than 0.5 Å in most cases. Exceptionally, three cases of [Au7(PH3)7]+,
Au22(PH3)12 and [Au20(PMe3)16]4+ complexes exhibit RMSD values larger than 0.7 Å. While
the RMSD of auorgα′ and auorgχ′ for these three clusters, and auorgα for Au22(PH3)12
[Au20(PMe3)16]4+ remain in an acceptable range around ≈0.7 Å, the auorgα RMSD value
of 1.18 Å appears problematic for [Au7(PH3)7]+. After closer inspection, we conclude that
this large value results from a strongly distorted Au7 core shape that can only be stabilized
when larger ligands such as PMe3 or PPh3 are used. It is worth mentioning that these model
systems are experimentally not stable in general, because the gold core prefers a planar
structure rather than a 3D geometry, unless ligands are present.191,192 The model geometries
here were constructed by replacing the experimentally used ligands (listed in Table 3.3 ) with
PH3 or PMe3 ligands. For these hypothetical models, large RMSDs are expected because the
presence of many local minima on the potential energy surfaces complicates the geometry
optimization, and can cause the DFT and DFTB geometry optimization to converge to
different local minima. For the [Au7(PH3)7]+ cluster, lower RMSDs were observed for auorgα′
and auorgχ′ because these two parameters increase the contribution of the P 3d-orbital in








































































Figure 3.2: RMSD over atomic positions (upper panel), and deviation in averaged and
normalized ligand binding energies (lower panel) for the moderate-sized phosphine-stabilized
gold clusters with phosphine ligands (L = PH3 and PMe3). The RMSD over atom positions
only considers Au and P atoms.
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Compared to the situation in small-sized clusters, ligand overbinding is less prominent in
the medium-sized systems for both auorgα′ and auorgχ′ parameters, with energy deviations as
high as -18 kcal/mol for the smallest PH3-ligated clusters (see Figure 3.2 and Table A.3 in the
Supporting Information). Again we find generally that the averaged and normalized ligand
binding energy deviations become smaller when the larger PMe3 ligands are used. Again,
auorgα has smaller overbinding than the other two parameters for PH3 ligands, and this
tendency turns to underbinding when the larger PMe3 ligands are used. The performance
ranking for the three parameter sets is less clear-cut as in the case of the small-sized clusters,
but especially in terms of ligand binding energies we find the tendency confirmed that auorgα
tends towards least overbinding and auorgα′ towards greatest overbinding, with auorgχ′
somewhere in between but closer to auorgα′. Since small ligands themselves consistenly
tend to increase overbinding, we find that auorgα performs best for small ligands and small
Au clusters, while auorgα′ or auorgχ′ parameters are better for larger ligands and larger gold
clusters.
3.4.2 Performance for large-sized clusters
The accuracy of the new DFTB2 parameters for geometries and ligand binding energies
was further assessed for a series of gold clusters (Aun, n = 6 − 70) in complexes with their
experimentally used larger ligands including PPh3, PMePh2, PP3, dppp, dppm, dppo, and
m-MBT, see Table 3.3. In this test, the experimental crystal structures were used as the
reference geometry for RMSD evaluation, rather than DFT geometries. In both DFT and
DFTB calculations, all counterions were removed and no symmetry constrains were applied.
In this section, only the performance of auorgα and auorgα′ parameters is presented and
discussed in the main text. The performance of the auorgχ′ parameter is presented in the
Supporting Information.
Geometry: The RMSDs between experimental and computed cluster geometries shown
in Figure 3.3 demonstrate that the DFTB2 methods are able to reproduce X-ray structures,
with maximum RMSDs equal to 0.46 Å and 0.37 Å for auorgα and auorgα′, respectively. The
same RMSDs of auorgχ′ are shown in Figure A.2 in the Supporting Information. In fact, the
DFTB2 geometries even outperform TPSS/def2-SVP geometries for many clusters in the test
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set, as for instance in the case of [Au6(dppp)4]2+ (BOTSOS), [Au6(PPh3)6]2+ (CATPAO10),
and [Au8S2(dppm)4]2+ (LEVKIJ). In the previous section, [Au7(PH3)7]+, Au22(PH3)12 and
[Au20(PMe3)16]4+ model clusters were found to be the most problematic cases. Here, with the
experimentally used ligands, DFTB-optimized structures of [Au7(PPh3)7]+, [Au20(PP3)4]4+,
and Au22(dppo)6 have lower RMSD values than their previously described truncated model
clusters with PH3 and PMe3. auorgα′ slightly outperforms auorgα in most of the cases (by
only up to 0.1 Å for the [Au22(dppo)6]) neutral complex). It is important to keep in mind
that the RMSDs over atom position convolutes deviations in angles and torsions with the
bond lengths. If one only considers bond length comparison, Au-Au and Au-P deviations
are within 0.06 Å from experimental values.
In order to graphically illustrate the differences between experimental and computed DFT
and auorgχ′ geometries, Figure 3.4 shows X-ray and optimized structures for the following
ligated Au clusters: [Au6(dppp)4]2+ (BOTSOS), [Au7(PPh3)7]+ (BIXZAK), [Au8(PPh3)8]2+
(OPAUPF), and [Au9(PPh3)8]3+ (MIVPOX-D2h). The analogous comparison for auorgα and
auorgχ′ is shown in Figure A.3 in the Supporting Information. The overlapped structures
were determined by a minimization procedure, which includes recentering and rotation to
minimize the RMSD using the quaternion algorithm.193 The figure highlights the good
performance of the theoretical methods in the description of the cluster core geometries
relative to experiment. We note that ligand orientations can be strongly impacted by crystal
field effects that are not present in our gas phase theoretical calculations, and thus we will
not discuss differences in ligand geometries.
Binding Energy: The evaluation of predicted averaged and normalized ligand binding
energies follows the schemes used above for the smaller-sized and moderate-sized clusters.
The ligand binding energies are listed in Table A.4 in the Supporting Information, the
relative deviations of the DFTB methods from TPSS/def2-SVP data are shown in Figure 3.5
for auorgα and auorgα′, and Figure A.4 in the Supporting Information for auorgχ′. All
predictions by DFTB tend towards underbinding, with only three minor exceptions. From
the smallest [Au6(dppp)4]2+ up to [Au13(dppm)6]5+, the auorgα′ binding energy deviations
of ≤ 5 kcal/mol are in very good agreement with the DFT reference. auorgα trends towards










































































TPSS/def2-SVP DFTB2/auorg DFTB2/auorg ′
Figure 3.3: RMSD over atomic positions for the large-sized phosphine-stabilized gold
clusters. The RMSD of atomic positions considers Au, and P atoms for all large-
sized phosphine-based gold clusters, [Au11(PMePh2)10]3+# denotes [Au11(PMePh2)10]
3+ (C3v),
[Au11(PMePh2)10]3+∗ denotes [Au11(PMePh2)10]
3+ (D4d), [Au38(L)20(PPh3)4]2+ denotes
[Au38(m-MBT)20(PPh3)4]2+.
Figure 3.4: Overlap of experimental crystal structure (Au in gold, P in orange and C
in grey) and optimized auorgα′ and DFT structures. auorgα′ and DFT structures are
represented by light red and sky blue, respectively. The gold nanoclusters considered
in this figure are (A) [Au6(dppp)4]2+ (BOTSOS), (B) [Au7(PPh3)7]+ (BIXZAK), (C)
[Au8(PPh3)8]2+ (OPAUPF), and (D) [Au9(PPh3)8]3+ (MIVPOX-D2h).
Figure 3.5: Deviation in averaged and normalized ligand binding energies for the large-
sized phosphine-stabilized gold clusters in reference to the TPSS/def2-SVP binding energies,
[Au11(PMePh2)10]3+# denotes [Au11(PMePh2)10]
3+ (C3v), [Au11(PMePh2)10]3+∗ denotes
[Au11(PMePh2)10]3+ (D4d), [Au38(L)20(PPh3)4]2+ denotes [Au38(m-MBT)20(PPh3)4]2+.
46
auorgα and auorgα′ have both noticeable underbinding as high as 20 and 15 kcal/mol,
respectively. The results are consistent with the overall trend that was already seen in
the small-sized and moderate-sized ligand complexes above. To further investigate the
effect of geometry on the ligand binding energies, TPSS single point energy calculation
using the DFTB optimized geometries were carried out, and the corresponding deviations
in ligand binding energies are shown in Figure 3.5 and Figure A.4 in the Supporting
Information, indicated as usual by the at-the-geometry-of symbol “//” symbol. It becomes
immediately obvious that the deviation of ligand binding energies with TPSS single point
energy refinement is reduced in all cases, with a maximum absolute deviation of ≤ 9 kcal/mol.
It follows that, if highly accurate ligand binding energies are required, DFTB geometry
optimizations followed by TPSS single point energy calculations can provide a reasonable
“shortcut” over straightforward DFT calculations. In addition to the binding energies, DFTB
isomerization energies are compared to the DFT values as well for [Au9(PPh3)8]3+ and
[Au11(PMePh2)10]3+ clusters, see Figure A.5 in the Supporting Information for more details.
3.4.3 Gold cluster-ligand bond dissociation energy curves for the
[Au8(PPh3)8]
2+ complex
Ligand removal of nanoscale gold clusters is a key step in making the clusters catalytically
more active by increasing the gold core interaction with the substrate or reactants. Previous
studies have reported the partial removal of ligands of atomically-precise gold clusters
Aun(PPh3)m (n = 8, 9, 11, and 101) on titania after undergoing different treatments
such as calcination and acid-washing.131,132 One of the primary applications of the DFTB
methodology developed here is the theoretical study of cluster fragmentation and the
catalytic reaction mechanisms of clusters with dissociated ligands. For validation against
DFT, we therefore compare rigid energy scans for Au-P bond dissociation between TPSS/def-
SVP and DFTB2 methods for the aforementioned [Au8(PPh3)8]2+ cluster as a representative
for the experimentally relevant complexes with larger ligands. Starting from the DFT
optimized geometries of the cluster, the Au-P bond of the ligand in question was simply
stretched up to a distance of 20 Å. The relative energy ∆E of this practically dissociated
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geometry was defined in all methods as 0 kcal/mol. In reality, complex structural relaxation
of the cluster and ligand would occur obscuring methodological differences, which is the
reason for presenting rigid scans. Figure 3.6 shows four different bond dissociation energy
curves that correspond to four ligand detachment scans.
Overall, the DFTB curves mimic the TPSS curves closely in both energy of the binding
region and the shape of the energy curves. The rigid scan does not include a barrier and
converges within about 12 Å to the dissociation limit. As for the DFTB curves, we observe
underbinding in the region from 2.5 to 6 Å in all of the plots (cf. Figure 3.5). DFTB is
strongly underbinding in the case of one ligand by more than 30 kcal/mol (upper right curve
in Figure 3.6). Here, the Au atom involved in the Au-P bond has a more “surface”-like
binding with the other Au atoms as opposed to a pyramidal shape as in the other ligand
cases. For more “cluster”-like detached Au atoms, the deviations are in the range of ≈ 5-10
kcal/mol. In all cases, DFTB2/auorgα′ and DFTB2/auorgχ′ are very similar to each other
and outperform DFTB2/auorgα. As is typical for the DFTB method in general, the entrance
region of the binding well, here around 6 Å, is underbinding since the atomic orbitals are
compressed with fixed electronic confinement radii optimized to describe geometries and
binding energies.194 The underestimation of phosphine ligands binding to gold “surface” will
be discussed further below regarding the adsorption of a PH3 molecule on the gold (111)
surface.
3.4.4 Electronic structures of phosphine-stabilized gold clusters
To evaluate the ability of DFTB to accurately describe electronic structures of phosphine-
stabilized gold clusters, we investigated the frontier orbital energies (HOMO-1, HOMO,
LUMO, LUMO+1) and HOMO-LUMO gaps (HLGs) of a number of medium-sized gold
clusters using DFT and DFTB methods. In this discussion, we concentrate on the
auorgα′ parameter, but show the corresponding performance of the other parameters in
the Supporting Information. Figure 3.7 shows the TPSS/def2-SVP and DFTB/auorgα′
calculated energy levels of the frontier molecular orbitals for selected gold clusters. The
plots showing frontier orbitals computed with auorgα′ and auorgχ′ are shown in Figure A.6
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Figure 3.6: Gold cluster-ligand rigid bond dissociation energy curves of [Au8(PPh3)8]2+.
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+3, with the orbitals of the least charged clusters being highest in absolute orbital energies,
and the highest charged clusters having lowest absolute orbital energies. Within the energy
range spanned by these four orbitals among these clusters, the DFTB orbital energy levels
reproduce TPSS orbital energy levels very well, as indicated by the dashed lines to mark the
changes of electronic structure with molecular structure and total charge. Individual orbital
energy level shifts are appreciable and may reach ≈0.9 eV (see Table A.6), with a general
trend towards lower energies. Regarding HLGs, DFTB/auorgα′ tends to underestimate
those for the singly charged [Au7(PPh3)7]+ (BIXZAK), the doubly charged [Au8(PPh3)8]2+
(OPAUPF), and the triply charged [Au11(PMePh2)10]3+ (ZUCMEP) clusters. In these
particular three clusters, the DFTB HOMO energy shifts are -0.28, -0.32, and -0.40 eV
for Au7, Au8 and Au11 respectively, while their LUMO shifts are -0.63, -0.89, -0.92 eV,
obviously quantitatively larger. This imbalance results in their smaller HOMO-LUMO gap
values. Nonetheless, the HLG values of DFTB/auorgα′ are quantitatively close to the TPSS
calculated values with deviations no greater than 0.6 eV.
Figure A.7, in the Supporting Information, displays the HOMO and LUMO orbital
shapes for [Au6(dppp)4]2+, [Au7(PPh3)7]+ (BIXZAK), [Au8(PPh3)8]2+ (OPAUPF) and
[Au9(PPh3)8]3+ (MIVPOX-D2h) clusters for the TPSS and DFTB2/auorgα′ methods.
Despite some inevitable quantitative differences in the orbital topology, the amplitudes
of the HOMO and LUMO orbitals obtained with the DFTB2/auorgα′ method are very
close to the ones obtained by TPSS/def2-SVP. Noticeable qualitative differences are the
LUMOs of Au7 and Au8 where DFTB both overestimated the contribution from the gold
core and less contributions from the phosphine ligands, possibly providing a rationale for
the previously discussed large LUMO energy shifts of Au7 and Au8. The HOMO and
LUMO plots of DFTB2/auorgα and DFTB2/auorgχ′ are shown in Figures A.8 and A.9
in the Supporting Information. Both of these two sets of molecular orbitals have similar
shapes with DFTB2/auorgα′ orbitals; with DFTB2/auorgα also overestimating contribution
from the gold core while DFTB2/auorgχ′ underestimates the gold and overestimates the
contribution from phosphine ligands in Au7. We note that these differences within the
different DFTB parameter sets originate mostly from the different choices of the virtual



















































































































































































































Figure 3.7: Energy level diagram for the frontier orbitals of various clusters as
calculated by (A) TPSS/def2-SVP and (B) DFTB2/auorgα′, [Au11(PMePh2)10]3+# denotes
[Au11(PMePh2)10]3+ (C3v), [Au11(PMePh2)10]3+∗ denotes [Au11(PMePh2)10]
3+ (D4d). Dashed
lines are included to guide the eye.
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The IR spectra of [Au6(dppp)4]2+ (BOTSOS), [Au8(PPh3)8]2+ (OPAUPF), and [Au9(PPh3)8]3+
(MIVPOX-D2h) clusters have been studied previously both experimentally and compu-
tationally using DFT138 and therefore represent good choices for the performance of our
DFTB parameters for predicting vibrational spectra. The calculated DFTB IR spectra were
evaluated by comparing them with experimental data and DFT-calculated IR, see Figure 3.8
and Figure A.10 in the Supporting Information. The experimental far-IR spectra of the three
clusters consists of two main parts: gold core distortion between the range 90-250 cm−1
and Au-P modes above 400 cm−1. Both PBE/def2-SVP and DFTB2/auorgα′-calculated IR
spectra match the previously reported experimental and M06/LANL2DZ predicted spectra,
having the same mode description for each vibration. Also, the DFTB and PBE normalized
spectral shapes are in good agreement, especially concerning the main peaks involving Au-P
interactions. A noticeable difference between the experimental and calculated spectra of
Au8 and Au9 is the presence of an experimentally distinct peak at 398 cm−1. While all
DFT and DFTB methods are able to predict peaks that are comparable with the position of
this feature, the calculated intensities in DFTB are considerably weaker. Nevertheless, both
methods have shown that this peak can be attributed to phenyl group twisting vibrations.
Another difference is the presence of a peak at 317 cm−1 in the Au8 and Au9 DFTB calculated
spectra that is missing in the DFT spectra. The DFTB peak matches a seemingly broad
experimental peak in the same region. In the previous study,138 this peak was not assigned
to any vibrational mode, as DFT was not able to predict this feature. DFTB revealed that
these peaks near 317 cm−1 of Au8 are related to vibrations with weaker intensity assigned to
a phenyl rocking vibration that is attached to protruding Au1 –P8. In the case of Au9, this
peak has several contributing vibrations that are also assigned to a phenyl rocking of the
complex’s several phosphine ligands. The summary of contributing transitions for all clusters
are given in Tables A.7 to A.9 in the Supporting Information. We conclude that DFTB is
very useful in the prediction of vibrational spectra for nanoscale gold clusters with stabilizing






























Figure 3.8: Experimental (in black),138 computed DFTB2/auorgα′ (in red), PBE/def2-
SVP (in blue) and M06/LANL2DZ (in cyan) far-IR spectra for (A) [Au6(dppp)4]2+, (B)
[Au8(PPh3)8]2+, and (C) [Au9(PPh3)8]3+ clusters. The additional red and blue dashed lines
are for the scaled up plots of the region 100-400 cm−1 for DFTB2/auorgα′ and PBE/def2-
SVP.
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3.4.6 Chemisorption of PH3 on the Au (111) surface
To evaluate the transferability of the new DFTB parameters, we explored the energy
landscape of PH3 chemisorption on the Au (111) surface and compared it to DFT with
the PBE functional, which is popular in the solid state community to simulate surface
processes. The computed DFTB2/auorgα, DFTB2/auorgα′, DFTB2/auorgχ′ and PBE
energy landscapes are shown in Figure 3.9. In this Au (111) surface model, there are three
important adsorption locations: top, hollow fcc, and hollow hcp (see Figure A.11 in the
Supporting Information). The corresponding top and hollow adsorption sites are marked in
Figure 3.9 for reference. This test is particularly useful for evaluating the transferability
of the new parameters, as the number of Au atoms coordinating with the P atom of PH3
molecule varies from one at the top site, to two at the bridge sites (see Figure A.11 in
the Supporting Information), to three at the hollow sites. Figure 3.9 shows that the
adsorption energies vary in a range of approximately 5 kcal/mol, and both auorgα′ and
auorgχ′ parameters are able to reproduce qualitatively the relative PBE energy landscape.
The top site is the most preferred adsorption location of PH3 adsorption on the Au (111)
surface according to PBE, DFTB2/auorgα′ and DFTB2/auorgχ′. However, DFTB2/auorgα
predicts the most preferred adsorption location is somewhere in the middle of top, hollow
fcc, and hollow hcp positions.
Considering the absolute binding energy, all three DFTB parameter sets underestimate
the Au-P interaction energy compared to the PBE method. Among them, the underesti-
mation is smallest with the deviation ∆E ≈ 4.6 − 7.4 kcal/mol for auorgα′, the deviation
∆E ≈ 7.6 − 9.8 kcal/mol for auorgχ′, and largest with ∆E ≈ 8.9 − 9.8 for auorgα. The
trends in the deviations can again be rationalized by correlating them with the orbital
energies of the virtual Au 6p and P 3d orbitals: The larger the upward shift, the greater the
underbinding. This test shows that DFTB2/auorgα′ is the best option to study phosphine
ligands chemisorbed on Au surfaces, and that our parameter has difficulties for the interaction






























































Figure 3.9: Energy landscape in kcal/mol of PH3 adsorption on the Au (111) surface
obtained at the PBE and DFTB2 methods. The energy profiles show the three important
adsorption locations of the Au (111) surface for clear comparison.
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3.4.7 Case study for Au108S24(PPh3)16: geometry, ligand binding
energy, frontier orbitals, and IR spectra
In order to demonstrate the capability of the new DFTB parameters for the study of
large-scale phosphine-stabilized gold clusters, we performed a case study for the recently
synthesized metalloid complex Au108S24(PPh3)16.144 The core of the metalloid consists of a
Russian doll motif with an Au6 inner octahderon enclosed by a second-shell Au38 octahedron.
This core is then capped at its six tips by novel Au4S4 planar rings, which are then connected
by 4 more gold atoms, resulting in a (Au2S)24 outer shell motif. Finally, sixteen Au(PPh3)
groups complete this metalloid and are bound to each side of the Au44 octahedral Russian-
doll core. The available experimental crystal structure (CSD code: DAFLOO) provides a
clear picture of Au, S and P atomic positions in 3D. However, it does not depict the positions
of C atoms well due to overlapping rings of the triphenylphosphine groups, with unreasonable
C-C distances in the CIF file, sometimes being shorter than 0.2 Å. To prepare the initial
geometrical inputs for our DFTB geometry optimization, we constructed the initial structure
based on the experimental positions of Au, S and P atoms, and then added manually the
sixteen PPh3 ligands. The geometry was then optimized using the DFTB2/auorgα′ method.
Figure 3.10 compares the final DFTB optimized geometry to the initial, experimental crystal
structure. DFTB2/auorgα′ predicts the averaged and normalized ligand binding energies
of Au108S24(PPh3)16 to be -63.2 kcal/mol, in good agreement with TPSS/def2-SVP single
point energies performed using our DFTB optimized geometries, which predicts the averaged
ligand binding energy to be -72.9 kcal/mol. We note that a single point energy+gradient
calculation on 16 “Intel Xeon E5-2697 2.30GHz CPU cores” took 39935 s (11.09 h) with
DFT and only 27 s with DFTB, corresponding to a speed-up factor of nearly 1500x. The
DFTB method is therefore the only practical option if one considers routinely carrying out
geometry optimizations of large nanoscale gold clusters, or a more challenging molecular
dynamics (MD) simulation with a few million steps to reach nanosecond time scales.
Computationally, the electronic structure of this cluster has been approximately investi-
gated previously at the BP86/TZVPP level of theory, using a simplified model in which the
triphenylphosphine ligands were replaced by PH3 groups, and the entire structure assumed to
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Figure 3.10: X-ray experimental structure of Au108S24(PPh3)16 taken from Cambridge
Crystallographic Database (CSD code DAFLOO) with overlapping of the phenyl rings,
caused by short ≈0.2 Å C-C bond lengths between triphenylphosphine groups, and
DFTB2/auorgα′ optimized structure without overlapping of the phenyl rings.
Figure 3.11: HOMO and LUMO plots of Au108S24, Au108S24(PH3)16, and Au108S24(PPh3)16
clusters as calculated by DFTB2/auorgα′; isosurface value = 0.015 a.u.
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take Td point group symmetry. The HOMO-LUMO gap of this simplified Au108S24(PH3)16
cluster was found to be 0.68 eV. Figure 3.11 shows the DFTB2/auorgα′ HOMO and LUMO
plots of Au108S24, Au108S24(PH3)16, and Au108S24(PPh3)16 clusters. The calculated HOMO-
LUMO gaps for these three clusters are 0.200 eV, 0.681 eV, and 0.634 eV, respectively. The
increase in the HLG from the Au108S24 core to fully ligated cluster denotes that the phosphine
groups stabilize the core, much like in Au70S20(PPh3)12.145 The quantitative difference in the
energy gaps between Au108S24(PH3)16 and Au108S24(PPh3)16 clusters are smaller than 0.05
eV. However, it is worth noting that partial density of state (PDOS) plots, see Figure 3.12,
portray that there is an undeniable difference of sulfur-orbital contribution in the bonding of
the Au108S24(PH3)16 and Au108S24(PPh3)16 clusters. In addition, both HOMO and LUMO
are shifted by ≈ -0.80 eV when PPh3 ligands are replaced by PH3 ligands. In the case of the
HLG, employing the simplified model Au108S24(PH3)16 yields a similar value to the HLG of
the Au108S24(PPh3)16 cluster, however, the Fermi level has shifted dramatically by -0.8 eV!
Our calculations therefore indicate that the use of a simplified model is inadequate and can
indeed significantly affect the electronic properties of nanoclusters.
The calculation of IR spectra of large-scale systems within the normal mode approxi-
mation, requiring the calculation of the Hessian matrix, is beyond the capability of most
contemporary DFT codes on current computer systems within a reasonable amount of time.
In this case, DFTB can be particularly useful as it has been shown in the benchmark
sections that DFTB can reproduce the experimental IR spectra very well. In this case
study, we carried out DFTB2/auorgα′ Hessian calculations to predict the IR spectrum
for the Au108S24(PPh3)16 cluster. Since the performance of DFTB in simulating infrared
spectra of thiolate-ligated gold nanoclusters has not been tested before, in this work, we
validated the accuracy of DFTB in predicting IR spectra for various thiolated gold clusters.
We compare the DFTB simulated IR spectra of Au4(SCH3)4, [Au25(SCH3)18]– clusters,
and six Au18 clusters protected with various types of ligands to the corresponding DFT
and experimental spectra in the case of Au18(S–c-C6H11)14.142,150,151 The comparison is
presented in the Supporting Information, Figure A.13 and Figure A.14. In summary, similar
to phosphine-stabilized nanoclusters in Section 3.4.5, the DFTB-calculated IR spectra for












































Figure 3.12: Density of states (DOS) and partial density of states (PDOS)
of Au108S24(PH3)16 (top) and Au108S24(PPh3)16 (bottom) clusters as calculated by
DFTB2/auorgα′.
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IR spectra. These new results, in combination with the results presented in Section 3.4.5,
indicate that DFTB is a reliable method in predicting IR spectra of thiolate- and phosphine-
stabilized gold nanoclusters. Figure 3.13 shows the DFTB calculated far-IR spectrum of
Au108S24(PPh3)16. We focus our attention on the far-IR region because it is of particular
interest in understanding the core vibrations of Au, S, and P atoms. The calculated IR
spectrum has several large peaks in the 500-600 cm−1 region which are attributed to PPh3
distortions. The multiple peaks in the 200-350 cm−1 region are caused by various normal
modes of both Au-P and Au-S vibrations (see Table A.10, Table A.11 and Table A.12 in the
Supporting Information), the peaks labelled in the figure are the normal modes related to
the novel Au4S4 planar rings: (1) Au-S stretching at 241.1 cm−1, (2) S-Au-S-Au-S symmetric
stretching at 277.2 cm−1 and (3) S-Au-S symmetric stretch at 517.05 cm−1. The inset of
Figure 3.13 shows several peaks < 150 cm−1 which are mostly attributed to Au44 core
distortion.
Since the novel Au4S4 planar ring motif of Au108S24(PPh3)16 has not yet been studied
using IR spectroscopy, there are no experimental validations so far about its normal modes.
The calculated Au-S stretches found in this planar ring motif are compared with that of the
Au4(SCH3)4, [Au25(SCH3)4]– and [Au37(PPh3)10(SR)10Cl2]+ clusters.150–152 The S-Au-S-Au-
S asymmetric and symmetric stretching values are found to be 274 cm−1 and 277 cm−1 (see
Peak 2 of the inset in Figure 3.13). The S-Au-S-Au-S symmetric stretching value is similar to
the DFT-calculated breathing mode (293 cm−1) of Au4(SCH3)4 cluster. Other IR studies of
thiolate-containing Au nanoclusters such as [Au25(SCH3)18]– and [Au37(PPh3)10(SR)10Cl2]+
have reported their Au-S symmetric stretches at 293 cm−1 and 239 cm−1, respectively, which
are relatively close to our DFTB-calculated Au-S stretch values; 241 cm−1 as shown as Peak
1 in the inset of Figure 3.13, and 287 cm−1 as presented in Table A.11 and Table A.12,
for the Au108S24(PPh3)16 cluster. Peak 3 in the inset of Figure 3.13 shows another peak at
514 cm−1, which is another characteristic S-Au-S symmetric stretch. One can depict the
similarity of the Au-S stretches in the 200-300 cm−1 regions with that of other sulfur-capped
Au clusters.139,142,150–152,195,196 Based on the good agreement between our DFTB calculated
IR spectra with DFT calculated as well as the experimental spectra for gold clusters in the
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Figure 3.13: Predicted far-IR spectra for Au108S24(PPh3)16 clusters calculated using
DFTB2/auorgα′. The inset of the figure shows the scaled up plots of the region 0-550
cm−1 with labelled peaks pertaining to normal modes of Au4S4 planar rings. The additional
black dashed line in the inset are for the scaled up plots of the region 0-150 cm−1.
61
benchmark, the predicted IR spectrum of Au108S24(PPh3)16 is reliable and provides a useful
fingerprint to identify this cluster in future studies.
3.5 Conclusions
Parameters for the density-functional tight-binding (DFTB) method were generated to
describe gold-phosphorus interactions for simulations of phosphine-stabilized nanoscale gold
clusters. We build on preceding works reporting second-order DFTB (DFTB2) parameters
for hybrid gold–thiolates compounds,61,69 which were based on the mio parameter set.55,58,165
The present effort thus expands the applicability of the DFTB2 method to organometallic
gold complexes with ligands containing the full set of chemical elements contained in the
mio parameter set: H, C, N, O, P, and S. In the construction of the repulsive potentials
we considered three different combinations of the gold 6p and phosphorus 3d virtual
atomic orbital energies. The performance of our parameters was evaluated using density
functional theory (DFT) geometries, ligand binding and cluster isomerization energies,
ligand dissociation potential energy curves, molecular orbital energies, and simulated far-IR
spectra. We further compare predicted geometries with X-ray crystallographic structures
and experimental far-IR spectra, and evaluate parameter transferability for phosphine
chemisorption on a gold surface.
In general it is found that the absolute ligand binding energies increase with decreased
virtual orbital energies, i.e. auorgα < auorgχ′ ≈ auorgα′. The total ligand binding energy
increases both with cluster and ligand size. This means that for a given gold cluster, the
variation in the ligand binding energy in DFTB needs to be almost completely described by
the electronic energy, as the Au-P bond distances only marginally change with different
ligands. However, the current DFTB electronic parameters are not flexible enough to
accurately describe the variations in the electronic ligand binding energies. Similarly, the
same trend holds for increasing gold cluster size. According to the benchmark results, we
found that DFTB2/auorgα is the best option to study small ligands and small Au clusters.
DFTB2/auorgα′ is the best option to study large ligands, large Au clusters, or Au surfaces.
For the moderate-sized ligands or gold clusters, both DFTB2/auorgα and DFTB2/auorgα′
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are good options to be used. The performance of auorgχ′ for Au-P interactions is similar
to that of auorgα′ because the effects of shifting the Au 6p orbital energy from -0.02786
to -0.00001 Hartree is less significant than shifting the P 3d orbital energy from 0.12044
to 0.52044 Hartree. However, the effect of shifting the Au 6p orbital energy has not been
investigated for Au-(C, H, N, O and S) interactions, thus the use of auorgα′ is more preferable
over auorgχ′. Besides consideration of cluster and ligand sizes, the geometrical environment
of the Au-P bond also influences the performance of our parameters. Surface-like Au atoms
present a challenge while more pyramidalized Au atoms are better described. Possible reasons
are the minimum basis set or the missing multipolar charge contribution. Such situations
are rare, however, and our auorgα′ parameter performs overall well in theoretical studies
of relevant nanoscale gold clusters that experimentally feature large capping ligands. In
particular, our DFTB parameterization enables the simulation of ligand dissociation, reliably
predicting how post-treatment can be done in experiment without inducing concomitant side-
effects such as agglomeration. The auorgα′ parameter set will be publicly distributed via the
http://www.dftb.org website. To switch from DFTB2/auorgα′ to DFTB2/auorgα, one can
simply modify the P 3d-orbital energy according to Table 3.1.
We employed the new DFTB parameters to determine the geometric structure of
Au108S24(PPh3)16 nanocluster144 and investigate its molecular and electronic structure.
The optimized Cartesian coordinates of Au108S24(PPh3)16 are provided in the Supporting
Information. We found that for large ligand-protected gold clusters, using a simplified model
in simulations is inadequate and can substantially affect the bonding and electronic structures
of the clusters. Finally, we predicted the IR spectrum of the cluster. Both optimized
geometric structure and the simulated IR spectrum of the Au108S24(PPh3)16 nanocluster
will serve as useful reference for future studies.
DFTB approaches with appropriately developed parameters for the description of
molecular and electronic structure and energetics as well as vibrational spectra are promising
to provide insight as to how to tune catalyst reactivity for both product selectivity and
reaction specificity. Further development of DFTB parameters for the interaction of gold
clusters with various substrate surfaces will advance the development of transformative
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catalytic systems. This work is vital to herald the promised potential of unprecedented




Platinum Nanoparticles in Vacuum and
on TiO2 Support
A version of this chapter will be submitted to a peer reviewd journal for publication
by Vuong, V. Q.; Lee, K. H.; Irle, S. “Density-Functional Tight-Binding for Platinum
Nanoparticles in Vacuum and on TiO2 Support”, In preparation. All copyright interests
will be exclusively transferred to the publisher upon submission.
4.1 Abstract
Platinum nanoparticles (Pt-NPs) supported on titania surfaces are often employed in
heterogeneous catalysis. Density functional theory (DFT) is frequently used to explore
theoretical minimum energy reaction pathways on static potential energy surfaces of small
model systems with clusters of only a few-atoms. Density-functional tight-binding (DFTB)
is an approximation to DFT which allows for more realistic investigations of mechanisms
and dynamics in systems containing several hundred atoms, including defect structures and
dynamic changes in particle shape. Here, we present the parameterization for Pt-X (X = Pt,
Ti, O) interactions in the framework of the second-order DFTB method, using a previous
parameterization for titania as a basis. The optimized DFTB parameters were validated by
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comparing the corresponding properties of geometries, energetic properties, and electronic
structures against those computed by DFT. The test set includes Ptn (n = 2−116) clusters,
≈ 20,000 conformations of Ptn (n = 10, 11, 12, 13) clusters, bulk Pt (SC, BCC, HCP, and
FCC), and the chemisorption of Ptn (n = 1−8) clusters on the TiO2 rutile (110) and anatase
(101) surfaces. The parameter set with the best overall performance was used to simulate
the surface diffusion of a single platinum atom (Pt1) and the nucleation of Pt6 from Pt5 and
Pt1 on the rutile (110) surface, using the steered molecular dynamics (SMD) method. The
temperature effects on the dynamics of Pt atoms and clusters on the titania surface were
also investigated at three separate temperatures (T = 400K, 600K, 800K).
4.2 Introduction
The noble transition metal platinum (Pt) is well-known not only for its uses in refined
jewellery but it is also known for its highly effective and highly selective catalytic properties
in both homogeneous and heterogeneous catalysis. Pt-based heterogeneous catalysts are an
indispensable part of automobile exhaust gas treatment, fertilizer manufacturing, hydrogen
production, and fuel cells. However, due to its rarity on the planet, Pt is an expensive
metal, making its application very costly. Therefore, the creation of new, durable Pt-based
catalysts with reduced platinum remains paramount.
Generally, the effectiveness of heterogeneous catalysts is governed by their surface’s
atomic and electronic structures. The size of a heterogeneous catalyst, which can be used
to control the catalyst’s surface area and electronic structures, was found to be critical in
controlling its catalytic performance. With the advancement of nanoscience over the past
decades, the use of size-tunable Pt-nanoparticles (Pt-NPs), which have a significantly higher
specific surface area than their bulk counterparts, has been greatly increased. Notably, Pt-
NPs supported on titania surfaces were often used as effective heterogeneous catalysts in
industrial processes. In order to capture the chemical reaction mechanisms for such complex
systems and to further optimize its catalytic properties, it is vital to understand and predict
changes in electronic structures, chemical bond-breaking, and bond-forming that occurs from
their dynamic processes.67,68
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Density functional theory (DFT) is currently the method of choice to theoretically
explore catalytic properties of Pt-NPs and their supported complexes on titania surfaces.
However, its tremendously high computational cost often requires an adaption of small
nanoclusters to represent Pt-NPs. This drawback can impose severe limitations on the
studies of numerous longtime scale dynamic processes that may occur during catalysis at high
temperatures, such as particle diffusion, nucleation, Ostwald ripening/NP sintering, particle-
phase transformations, surface reconstructions, etc. Therefore, in order to capture more
realistic chemical reaction mechanisms, the effects of Pt-NPs size, or changes to catalytic
properties with temperature, it is necessary to employ a more computationally efficient
method for systems with larger sizes.
The density-functional tight-binding (DFTB) approximation to DFT is a viable candidate
for more realistic investigations of dynamics and chemical reaction mechanisms, allowing
for the computation of systems containing thousands of atoms. Combined with molecular
dynamics (MD) simulations, it is an ideal method for predicting complex dynamic processes
in heterogeneous catalysts, such as surface reconstruction or NP sintering at the nanometer-
scale and long-timescales. However, the application of DFTB Pt-NPs in the vacuum and on
titania support is limited due to the lack of well-optimized parameters. While there are not
DFTB parameters for the Pt-X (X = Ti, O) available, the existing DFTB parameters for pure
Pt systems either severely overestimates or underestimates Pt-Pt interactions.70–72 In this
work, the DFTB electronic parameters of Pt were optimized, and the Pt-X (X = Pt, Ti, O)
repulsive potentials were parameterized in the framework of the second-order DFTB method,
leveraging a previous parameterization of titania.62 The optimized DFTB parameters were
validated by comparing the corresponding properties against DFT: geometries, energetic
properties, and electronic structures. The test set includes Ptn (n = 2 − 116) clusters,
≈ 20,000 conformations of Ptn (n = 10, 11, 12, 13) clusters, bulk Pt (SC, BCC, HCP, and
FCC), and the chemisorption of Ptn (n = 1 − 8) cluster on the TiO2 rutile (110) and
anatase surfaces. The overall best performing parameter set, based on our benchmark, was
employed to simulate the diffusion of Pt1 atom, and the nucleation of Pt6 from Pt5 and Pt1
on rutile (110) surface using the steered molecular dynamics (SMD) method. The effects of
temperature on the dynamics of Pt particles on the titania surface were also investigated.
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4.3 Methodology and Computational Details
4.3.1 Overview of DFTB2
The density-functional tight-binding (DFTB) method is an approximation to the density
functional theory (DFT) based on the Taylor expansion of DFT energy E[ρ], a two-center
approximation, and empirical fitted pairwise potentials.50 For a given molecule, its electron
density can be written as a sum of a reference/initial electron density ρ0 and an electron
density fluctuation δρ. By employing the Taylor expansion, the DFT energy can be
approximated as
E[ρ] =E0[ρ0] + E
1[ρ0, δρ] + E
2[ρ0, (δρ)
2] + E3[ρ0, (δρ)
3] + . . . , (4.1)
where ρ = ρ0 + δρ. In the framework of DFTB, the expansion of DFT energy can be
truncated at each energy term (E1, E2 or E3) to formulate the corresponding energy for the
first-order DFTB1, the second-order DFTB2, and the third-order DFTB3, respectively.59
Detailed derivations and comprehensive review of the DFTB methods can be found
elsewhere.38,58,59 In this work, we will only focus on the DFTB2 method, which is also
















where Ĥ[ρ0] is the initial Hamiltonian, |Ψi〉 is the occupied valence molecular orbitals (MOs),
ni is the occupation numbers, ∆qA is the Mulliken point charge166 on atom A, γAB∆qA∆qB
representing the Coulomb interaction energy between the two point charges,58 and ErepAB is
the repulsive potential between two atoms A and B. The MO |Ψ〉 can be expanded as a
linear combination of optimized atomic orbitals (AOs) |φµ〉.
To obtain a reasonable pseudo-atomic basis set and initial atomic electron density for the
molecular environment in DFTB, an external confinement was introduced to the Kohn-Sham
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φµ(r) = ǫµφµ(r), (4.3)
where r0 is the empirical confinement radius parameter and φµ is the atom-centered pseudo-
atomic Slater type orbitals. By solving the eq 4.3, one can obtain various atomic orbital and
electron density depending on confining radii r0. Because the atomic orbital and electron
density can be optimized separately, there are two types of confinement radii - one for the
wavefunction, rwf , and one for density, rdens. They are responsible for confining the atomic
orbitals (basis set) and the atomic reference electron densities, respectively.
In the framework of the two-center approximation and the pseudo-atomic basis set, the
initial Hamiltonian Ĥ0[ρ0] is defined as




ǫneutral free atomµ µ = ν;
〈φµ| T̂ + V AB |φν〉 µ ∈ A, ν ∈ B, µ 6= ν;
0 otherwise,
(4.4)
where V AB = V [ρA0 + ρ
B
0 ] in the density superposition approach or V
AB = V [ρA0 ] + V [ρ
B
0 ]
in the potential superposition approach. The repulsive potential between two atoms ErepAB is
formulated as a two-center term that depends only on the chemical element type of atoms
A and B and their interatomic distance rAB.38 Practically, the repulsive potentials can be
defined as a combination of exponential and spline functions, and the total repulsive energy
is fitted to minimize the difference between DFTB electronic relative energies and reference
relative energies for a training set of molecular systems.75,77,78 The reference energies are
usually computed by high-level methods like wave function theory (WFT) or DFT methods.
4.3.2 Parameterization
For the parametrization of DFTB methods, there are two groups of parameters that needs
to be determined: (1) the electronic parameters (which includes the confinement radii rwf
for the AOs basis set, the confinement radii rdens for the atomic densities, and the atomic
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orbital energies) and (2) the pairwise repulsive potentials. While the occupied atomic orbital
energies are computed from DFT, the unoccupied atomic orbital energies, other electronic
parameters, and pairwise repulsive potentials are optimized in order to reproduce certain
desired properties, for instance, electronic structures, energies, and geometries.
Pt-Pt interactions: Given their similar sizes at the atomic scale, we adopted the
confining radii for the electron density rdens and atomic wave functions rwf of occupied
atomic orbitals of Au from the “auorg” parameter set61 for the electronic parameters of
Pt. The atomic orbital energy and confinement radius rwf of the virtual orbital 6p were
empirically explored. We found that shifting up the energy of 6p virtual orbital by 0.0345
a.u. from the PBE-computed value or by employing a larger confinement radius rwf for the
virtual orbital can reduce the over-binding of Pt-Pt interactions. The combination of the
two options for the virtual orbital energy ǫ6pP t and the two option for the confinement radius
r
wf
6p results in four sets of Pt-electronic parameter sets listed in table 4.1.
The Pt-Pt repulsive potential was optimized for each set of electronic parameters
using the genetic algorithm (GA) optimization tool that we had recently developed.77 We
employed a similar automatic parameterization protocol developed previously for other
DFTB parameters.77,197 The repulsive potentials were optimized on the basis of DFTB2
electronic energies to fit atomization energies, forces, and reaction energies for the training
set listed in Table B.1, B.2, and B.4 in the Supporting Information. The GA was also used
to minimize a scoring function F score defined as the fitness of the parameter sets with respect






























where ∆Eat = EateDFTB −Eatref is the deviation in atomization energies, ∆Ereact. = Ereact.eDFTB −
Ereact.ref is the deviation in reaction energies, ∆F
force = F forceeDFTB − F forceref is the deviation in
forces, W ati , W
react.
i , and W
force
i are the weight factors of the i
th atomization energy, reaction
energy, and the force of the ith structure, respectively, Neq is the number of fitting data
points, Ni is the number of atoms in the ith compound, and eDFTB stands for DFTB
energy without the repulsive potential term. We employed a cutoff radius of 3.5 Å and 6
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Table 4.1: Atomic orbital energy and compression radii of Pt in a.u. for different optimized
parameter sets.
ptα ptβ ptκ ptχ
ǫ
6p
P t -0.0305 0.0040 -0.0305 0.0040
r
wf
6p 4.51 4.51 6.50 6.50
r
wf
6s 6.50 6.50 6.50 6.50
r
wf
5d 6.50 6.50 6.50 6.50
rdens 9.41 9.41 9.41 9.41
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spline knots for the repulsive potential term with one allowable extremum and a continuity
requirement up to the second derivative. For the GA optimization, population sizes of 1000
and 3000 generations were employed with two-point crossover and random mutation rates
of 0.9 and 0.2, respectively.
Pt-Ti and Pt-O interactions: As we will show in the “Results and Discussion” section
below, the ptα parameter set has the poorest performance for the Pt bulk system, thus was
dropped in the parameterization for Pt-Ti and Pt-O interactions. The DFTB confinement
radii for Ti and O as well as their Ti-Ti, Ti-O, and O-O repulsive potentials were taken from
the “tiorg” parameter set.62 In combination with three new Pt parameter sets (ptβ ptκ ptχ),
three corresponding ptβ-tiorg, ptκ-tiorg, ptχ-tiorg sets were created. We employed a similar
fitting strategy for the Pt-Ti and Pt-O repulsive potentials as we did for the fitting of the Pt-
Pt repulsive potential. The training set listed in Table B.3, B.5, and B.6 in the Supporting
Information. In addition, we applied three additional constraints on the Pt-Ti repulsive
potential and empirically shifted the reference reaction energies of two reactions in Table B.6
by -11 kcal/mol to improve the adsorption of Pt atoms (Pt1) on the rutile (110) surface. We
employed a cutoff radius of 3.7 Å and 3.4 Å for Pt-Ti and Pt-O potentials, respectively. The
same six spline knots, one allowable extremum, and a continuity requirement up to the second
derivative constraints were also used. For the GA optimization, population sizes of 2000 and
3000 generations were employed with two-point crossover and random mutation rates of 0.9
and 0.2, respectively. The two potentials Pt-Ti and Pt-O were optimized simultaneously.
4.3.3 Computational details
In this work, all DFTB2 calculations were carried out using the DFTB+ program.177 For
reference data, the Perdew-Burke-Ernzerhof (PBE) density functional was chosen as the
reference method. For the DFT calculations, the projector augmented wave (PAW) was
used approach,188 with the kinetic energy cutoff set at 450 eV and carried out using the
Vienna ab-initio simulation package (VASP) program in conjunction with the provided
“PAW_PBE” pseudo-potentials.189,190 The convergence criteria were set to 10−6 eV for
achieving self-consistent field energies, and 0.005 eV/Å for the maximum force in case of
geometry optimizations.
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4.4 Results and Discussion
4.4.1 Performance for pure Pt clusters and bulk Pt
To evaluate the accuracy of DFTB with our new Pt parameters, we compared DFTB-
computed binding energies, optimized geometries, and band-structures to their corresponding
reference values computed by the PBE functional for a series of Pt clusters and bulk systems.
The performance of our four parameter sets ptα, ptβ, ptκ, and ptχ, was also compared to
previously developed Pt parameters ptShi reported by Shi et al.,70 ptLee reported by Lee et
al.,71 and the parameter sets ptVdB13 and ptVdB55 reported by Bossche.72
Pt2 to Pt116 clusters. Figure 4.1 shows the DFTB performance in predicting binding
energy for pure Pt clusters ranging from Pt2 to Pt116. The root mean square error (RMSE),
mean unsigned error (MUE), mean signed error (MSE), and maximum of absolute error
(Max) of DFTB normalized binding energies reference to their corresponding DFT-computed
values for the test are listed in Table 4.2. While every parameter set in question can
mimic the increase in normalized binding energy with the size of Pt clusters using DFTB,
their accuracy varies drastically. DFTB/ptVdB13 and DFTB/ptVdB55 severely overestimates
binding energies, particularly for large clusters, with a MSE of 0.47 and 1.32 eV/at,
respectively. The large overestimation of binding energies in these parameters can be
attributed to their parameterization, which focused only on relative energies. DFTB/ptLee
also shows significant over-binding with a MSE of 0.18 eV/at, while DFTB/ptShi shows
significant under-binding with a MSE of -0.22 eV/at. These four new parameter sets generally
outperform the existing parameter sets with a MSE ≈0.01 eV/at, and RMSE less than 0.1
eV/at. Among the four new parameter sets, ptβ shows the best performance with a RMSE
of 0.05 eV/at.
To assess the accuracy of DFTB in predicting the structure of Pt clusters, DFTB-
optimized geometries were compared to the DFT-optimized one. The root mean square
(RMS), mean, and max of root mean square deviation (RMSD) over atomic positions
of the test set are listed in Table 4.2. Similar to the performance of predicting binding
energies, ptVdB13 and ptVdB55 shows significantly large deviations with the mean of RMSD
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Figure 4.1: DFTB normalized binding energies computed with different parameter sets in
comparison to the PBE normalized binding energies for Pt2 to Pt116 clusters.
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approximating to 0.44 and 0.39 Å, respectively. ptShi shows a similar level of accuracy with a
large mean of RMSD of 0.34 Å. In terms of geometry, ptLee and our new four parameter sets
outperforms the other parameters with a mean of RMSD less than 0.17 Å. ptLee is slightly
better than the new parameter sets with a mean of RMSD of 0.14 Å. Among the four new
parameter sets, ptβ shows the best performance with the smallest RMS of RMSD being 0.17
Å, compared to the RMS of RMSD equaling 0.18 Å in the case of ptα, ptκ, and ptχ.
Large-set of Pt10, Pt11, Pt12, and Pt13 isomers. To further assess the accuracy
of our new parameters with DFTB, their performance was evaluated for a large-set of 5000
Pt10 isomers, 5000 Pt11 isomers, 5000 Pt12 isomers, and 4950 Pt13 isomers. The test set was
originally reported by Fung et al. and was used to test DFTB in the work of Lee et al. These
geometries were taken from the work by Fung et al., and single-point energy calculations
were carried out using DFTB with the different parameters. The DFT single-point energies
were recomputed using PBE functional with a high energy cutoff of 450 eV in order to get a
more accurate reference data. Figure 4.2 compares the DFTB-computed normalized binding
energies with ptShi, ptLee, ptα, and ptβ parameters to the DFT-computed normalized binding
energies. The same comparison of DFTB energies with ptVdB13, ptVdB55, ptκ, and ptχ is shown
in Figure B.1 in the Supporting Information. In terms of absolute binding energies, similar to
the “Pt2 to Pt116” test set, the new parameters outperforms existing parameters. Significant
over-binding was observed for ptVdB55 and ptLee, while under-binding was observed for ptShi.
It is interesting to note that ptVdB13 shows reasonably small over-binding for Pt clusters
in this range. This is likely due to the fact that the parameter was originally optimized
for Pt13 clusters. In terms of relative binding energies, ptVdB13 and ptVdB55 outperforms all
other parameters, with a R2 higher than 0.88. This is especially true in the case of ptVdB13
where R2 is higher than 0.95. This is to be expected as these parameters were optimized to
predicted not binding energies but the relative energy of isomers. ptShi shows the poorest
correlation with R2 ranging from 0.45 to 0.63, whereas the four new parameter sets and ptLee
show a reasonably high correlation, varying from 0.74 to 0.91 for R2.
As these ≈20,000 structures were only partially optimized in the work by Fung et al., they
are not suitable to test the accuracy of DFTB in predicting geometry. Thus, we selected 70
isomers of Pt10, 80 isomers of Pt11, 90 isomers of Pt12, and 100 isomers of Pt13 to formulate
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Table 4.2: Root mean square error (RMSE), mean unsigned error (MUE), mean signed
error (MSE), and maximum of absolute error (Max) of DFTB normalized binding energies
comparing to PBE normalized binding energies, root mean square (RMS), mean, and max of
root mean square deviation (RMSD) over atomic positions of DFTB geometries comparing
to PBE optimized geometries for Pt2 to Pt116 clusters.
Names
Energy (eV/at) RMSD (Å)
RMSE MUE MSE Max RMS Mean Max
ptVdB13 0.48 0.47 0.47 0.67 0.44 0.37 1.09
ptVdB55 1.35 1.32 1.32 1.64 0.39 0.31 1.09
ptShi 0.23 0.22 -0.22 0.34 0.37 0.34 1.01
ptLee 0.20 0.18 0.18 0.41 0.15 0.14 0.30
ptα 0.07 0.06 -0.01 0.19 0.18 0.16 0.36
ptβ 0.05 0.04 -0.01 0.18 0.17 0.16 0.36
ptκ 0.10 0.09 -0.02 0.24 0.18 0.17 0.36
ptχ 0.08 0.06 -0.01 0.25 0.18 0.16 0.43
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Figure 4.2: DFTB2 normalized binding energies ∆Ebind comparing to PBE normalized
binding energies ∆Ebind for ≈ 20,000 conformations of Pt10, Pt11, Pt12, and Pt13, clusters.
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a new test set of 340 isomers of Pt10 to Pt13. These clusters were fully reoptimized using
PBE with our higher energy cutoff of 450 eV. Table 4.3 shows the accuracy of DFTB with
all parameters with regards to binding energy and geometry. Overall, the accuracy among
all DFTB parameters is similar to the accuracy observed in the cases above for the “Pt2 to
Pt116” test set. Nevertheless, in terms of geometry, all four new parameter sets and ptLee
show a slightly larger mean of RMSD when compared to the previous test set. This can be
attributed to the fact that the test set includes a large number of high-energy isomers, which
have long Pt-Pt bond lengths. The high-energy structures with long-bond are generally more
difficult to obtain with DFTB which utilizes a minimal basis set.
Bulk systems. To complete the evaluation of DFTB with our new parameters for Pt-Pt
interactions, we assess their accuracy for various bulk systems. To test this, we compared
DFTB-computed cohesive energies, lattice constants, and band structures bulk systems to
their corresponding values computed by PBE for simple cubic (SC), body-centered cubic
(BCC), hexagonal closest packed (HCP), and face-centered cubic (FCC) unit cells. The
computed cohesive energies, and lattice constants are listed in Table 4.4. Overall, all DFTB
parameters can reproduce PBE-computed lattice constants well with the largest deviation
being less than 0.15 Å. On the other hand, the accuracy in predicting the cohesive energies
varies wildly from parameter to parameter. Among the four new parameters, all except ptα
were able to predict the order of cohesive energies increasing from SC to FCC unit cells
(SC < BCC < HCP < FCC). For ptβ, ptκ, and ptχ, a significantly large underestimation of
0.5-0.7 eV in cohesive energy was observed in the case of SC and BCC unit cells. Smaller
deviations of 0.1-0.2 eV were observed for HCP and FCC unit cells. In general, DFTB is
more accurate for denser and lower-energy unit cells, due to its usage of a minimum basis
set. The results highlights the limit of the method for higher energy systems.
Figure 4.3 shows a comparison of DFTB/ptβ-computed band structures to PBE-
computed band structures for SC, BCC, HCP, and FCC unit cells. The same comparison
of DFTB with ptα, ptκ, and ptχ are shown in Figure B.2, B.3, B.4, B.5, B.6, B.7, and B.8
in the Supporting Information. Overall, DFTB with the new parameters mimics closely
PBE-computed band structures for all unit cell in the range of -5 to 5 eV. Larger deviations
were observed in the range for the range of -10 to -5 eV and 5 to 10 eV.
78
Table 4.3: Root mean square error (RMSE), mean unsigned error (MUE), mean signed
error (MSE), and maximum of absolute error (Max) of DFTB normalized binding energies
comparing to PBE normalized binding energies, root mean square (RMS), mean, and max of
root mean square deviation (RMSD) over atomic positions of DFTB geometries comparing
to PBE optimized geometries for 340 isomers of Pt10 to Pt13 clusters.
Names
Energy (eV/at) RMSD (Å)
RMSE MUE MSE Max RMS Mean Max
ptVdB13 0.27 0.27 0.27 0.46 0.41 0.33 1.31
ptVdB55 0.96 0.96 0.96 1.82 0.37 0.31 1.09
ptShi 0.20 0.19 -0.19 0.34 0.38 0.35 1.10
ptLee 0.25 0.25 0.25 0.41 0.22 0.18 0.71
ptα 0.07 0.06 0.05 0.17 0.25 0.20 0.95
ptβ 0.08 0.06 0.05 0.22 0.26 0.21 0.94
ptκ 0.07 0.07 0.06 0.24 0.23 0.19 0.97
ptχ 0.09 0.07 0.06 0.23 0.26 0.22 0.95
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Table 4.4: Cohesive energies ∆Ecoh and lattice constants computed by DFTB2 with
different parameters in comparison to the corresponding values computed by PBE for Pt
simple cubic (SC), body-centered cubic (BCC), hexagonal closest packed (HCP), and face-
centered cubic (FCC) unit cells.
PBE
DFTB2
ptVdB13 ptVdB55 ptShi ptLee ptα ptβ ptκ ptχ
SC
a (Å) 2.63 2.58 2.56 2.82 2.73 2.73 2.72 2.73 2.72
∆Ecoh (eV/at) 5.42 6.17 7.38 5.32 5.07 5.13 5.16 4.91 4.98
BCC
a (Å) 3.17 3.15 3.14 3.35 3.06 3.20 3.15 3.14 3.08
∆Ecoh (eV/at) 5.78 6.72 8.08 5.49 5.52 5.10 5.21 4.96 5.13
HCP
a (Å) 2.77 2.75 2.73 2.92 2.81 2.80 2.78 2.79 2.77
b (Å) 2.77 2.73 2.73 2.92 2.81 2.80 2.78 2.79 2.77
c (Å) 4.78 4.78 4.73 4.81 4.82 4.70 4.68 4.67 4.65
∆Ecoh (eV/at) 5.82 6.79 8.23 5.56 5.82 5.59 5.72 5.52 5.67
FCC
a (Å) 3.98 3.93 3.92 4.14 4.05 3.99 3.97 3.97 3.96











































Figure 4.3: Band structures computed by DFTB2/ptβ in comparison to the band structures
computed by PBE for Pt simple cubic (SC), body-centered cubic (BCC), hexagonal closest
packed (HCP), and face-centered cubic (FCC) unit cells.
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4.4.2 Performance for Pt clusters on titania support
As previously mentioned in the “Parameterization” section, only three parameter sets (ptβ,
ptκ, and ptχ) were incorporated with the “tiorg” parameter set. To evaluate the accuracy
of DFTB with the newly combined ptβ-tiorg, ptκ-tiorg, ptχ-tiorg sets, we compared their
binding energies, optimized and geometries computed by DFTB to their corresponding
reference values computed by the PBE functional for a series of Pt1 to Pt8 clusters on
the TiO2 rutile (110) surface, and Pt1 to Pt4 clusters on the TiO2 anatase (101) surface.
Additionally, the energy landscape of Pt atom adsorption on the TiO2 rutile (110) surface
was also used to assess the new parameters.
Pt1 to Pt8 clusters on the TiO2 rutile (110) surface and Pt1 to Pt4 clusters
on the TiO2 anatase (101) surface. Figure 4.4 shows the performance of DFTB for
the three parameter sets in predicting adsorption energy for Pt clusters on titania support.
The RMSE, MUE, MSE, and Max of DFTB normalized binding energies reference to their
corresponding DFT-computed values for the test are listed in Table 4.5. Overall, DFTB
can decently reproduce the change of PBE-computed adsorption energy with Pt cluster size.
While the level of accuracy is impressively high for all sets, around the same level of accuracy
for the rutile (110) surface with RMSE varying from 0.12 eV/at to 0.14 eV/at, ptβ-tiorg is
superior when it comes to the case of the anatase (101) surface with a RMSE of 0.16 compared
to a RMSE of 0.24 eV/at and 0.28 eV/at of pt-tiorgκ and pt-tiorgχ, respectively.
The RMS, mean, and max of RMSDs between DFTB-optimized and PBE-optimized
geometries for Pt clusters on the two surfaces are listed in Table 4.5. Overall, all three
parameter sets show excellent accuracy in terms of geometry, especially in the case of the
anatase surface with all RMS of RMSDs being less than 0.13 Å. In the case of the rutile
surface, the RMS of RMSDs of 0.16 Å for ptβ-tiorg is slightly better than the other two, which
values are 0.18 and 0.19 Å for ptχ-tiorg and ptκ-tiorg, respectively. In order to illustrate
visually the differences between PBE-optimized and DFTB-optimized geometries, Figure 4.5
shows the overlay of Pt clusters optimized by PBE and DFTB/ptβ-tiorg. Similar comparisons
for structures optimized by DFTB/ptκ-tiorg and DFTB/ptχ-tiorg are shown in in Figures
B.9 and B.10 in the Supporting Information. The overlaid structures were determined by a
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Figure 4.4: Normalized adsorption energies computed by DFTB2 with three different
parameter sets in comparison to the corresponding values computed by PBE for Pt1 to Pt8
clusters on the TiO2 rutile (110) surface, and Pt1 to Pt4 clusters on the TiO2 anatase (101)
surface.
Table 4.5: Root mean square error (RMSE), mean unsigned error (MUE), mean signed
error (MSE), and maximum of absolute error (Max) of DFTB normalized binding energies
comparing to PBE normalized binding energies, root mean square (RMS), mean, and max of
root mean square deviation (RMSD) over atomic positions of DFTB geometries comparing
to PBE optimized geometries for for Pt1 to Pt8 clusters on the TiO2 rutile (110) surface,
and Pt1 to Pt4 clusters on the TiO2 anatase (101) surface. The RMSD over atomic positions
were calculated over the Pt atoms and their directly bonded Ti and O atoms, cutoffs of 2.8
Å and 2.5 Å were used to determined bonding of Pt-Ti and Pt-O, respectively.
Names
Energy (eV/at) RMSD (Å)
RMSE MUE MSE Max RMS Mean Max
Rutile
ptβ-tiorg 0.13 0.08 -0.05 0.31 0.16 0.15 0.22
ptκ-tiorg 0.12 0.09 0.00 0.28 0.19 0.18 0.27
ptχ-tiorg 0.14 0.09 0.00 0.32 0.18 0.17 0.27
Anatase
ptβ-tiorg 0.16 0.10 0.10 0.42 0.12 0.10 0.27
ptκ-tiorg 0.28 0.20 0.20 0.72 0.13 0.10 0.28
ptχ-tiorg 0.24 0.19 0.19 0.58 0.12 0.10 0.27
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minimization procedure, which includes recentering and rotation to minimize the RMSD over
all Pt atoms and the Ti and O atoms directly bonded to them. These structures highlights
the excellent performance of DFTB in the description of Pt cluster geometries on rutile and
anatase surfaces.
Energy landscape of single Pt atom adsorption on the TiO2 rutile (110)
surface. To evaluate the transferability of the new DFTB parameters, we further explored
the energy landscape of a single Pt atom adsorption on the TiO2 rutile (110) surface
and compared it to their corresponding PBE-computed energy landscape. The computed
DFTB/ptβ-tiorg and PBE energy landscapes are shown in Figure 4.6. Similar comparisons
for energy landscapes computed by DFTB/ptκ-tiorg, and DFTB/ptχ-tiorg are shown in
Figures B.11 and B.12, respectively in the Supporting Information. As discussed in a
previous work for the parameterization of Au-P interactions,197 this test is particularly useful
for evaluating the transferability of the new parameters, as the varying number of Ti and O
atoms coordinating with the Pt atom on the surface simulates a change in chemical bonding
environment. DFTB/ptβ-tiorg is able to qualitatively reproduce the relative PBE energy
landscape in the strongly bonding “valley” on the rutile surface. However, a significant
deviation is observed in the high-energy region outside this valley. Even though the
significant deviation in the high-energy region implies a limit to the transferability of these
parameters, it is important to note that DFTB/ptβ-tiorg can mimic the change of PBE
energy landscape between with and without constraint. This suggests that the parameters
can describe changes in the support surface, which is crucial in dynamic simulations.
4.4.3 Diffusion of Pt atom on the TiO2 rutile (110) surface
In order to demonstrate the applicability of our new DFTB parameters for Pt on TiO2
support, we employed our “best” set (DFTB/ptβ-tiorg) to investigate the diffusion of Pt
atom on the TiO2 rutile (110) surface as well as temperature effects on the dynamics of the
Pt atom on the surface. The free energy barrier of the diffusion and temperature effects
were estimated using the steered molecular dynamics (SMD) method. The simulation was
carried out by pulling a single Pt atom along the “value” of the rutile (110) surface. The
potential of mean force (PMF) was computed from the calculated work of pulling of over 100
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Pt1 Pt2 Pt1a Pt2a
Pt3 Pt4 Pt2b Pt3a
Pt5 Pt6 Pt3b Pt3c
Pt7 Pt8 Pt4a Pt4b
Rutile Anatase
Figure 4.5: Overlap of PBE-optimized structures (Pt in grey, Ti in green and O in red)
and DFTB/ptβ-tiorg optimized structures (in sky blue) for Pt1 to Pt8 clusters on the TiO2
rutile (110) surface, and Pt1 to Pt4 clusters on the TiO2 anatase (101) surface.
PBE (without constraint) DFTB2 (without constraint)























Figure 4.6: Energy landscape in eV of Pt atom adsorption on the TiO2 rutile (110)
surface obtained at PBE and DFTB2/ptβ-tiorg methods. “Without constraint” refers to
the geometry optimization with the top two layers of TiO2 surface were fully optimized,
“with constraint” refers to the geometry optimization with only few selected Ti and O atoms
nearby the Pt single atom were optimized.
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SMD trajectories using Jarzynski’s equality. The SMD simulation is illustrated in Figure
4.7. The same Figure shows that the free energy of the diffusion barrier is dependent on
the temperature. When the temperature increases from 400 K to 800 K, the energy barrier
reduces from 11 kcal/mol to only 7 kcal/mol. This results agree with experimental data
showing that the sintering procedure of a single Pt atom or small Pt clusters occurs much
faster in increased temperatures.
4.4.4 Nucleation of Pt6 from Pt5 and Pt1 on the TiO2 rutile (110)
surface
To further understand the sintering event and the effect of temperature, we employ
DFTB/ptβ-tiorg to investigate the nucleation of Pt6 from Pt5 and Pt1 on the TiO2 rutile
(110) surface. Similar to the study of Pt diffusion, the SMD method was used to accelerate
the event. The single Pt atom was pulled toward the Pt5 cluster as illustrated in Figure
4.8. Again, the potential of mean force (PMF) was computed from the pulling work of over
100 SMD trajectories using Jarzynski’s equality. While the effects of temperature on the
amplitude of the first barrier is similar to the case of single Pt atom diffusion on the surface,
the second barrier changed drastically with the temperature. The second barrier was reduced
from 11 kcal/mol at 400 K to ≈ 0 kcal/mol at 800 K. By analyzing the SMD trajectories, we
had found that the lowering second energy barrier is due to the dynamics of the Pt5 cluster
as it distorts toward the Pt single atom at the position of the second energy barrier. This
distortion of the Pt5 cluster induces the early formation of Pt5+Pt1 complex, stabilizing the
transition state. Nevertheless, because of the distortion of Pt5 and the early formation of the
Pt5+Pt1 complex, the PMF of pulling the single Pt atom after crossing the second energy
barrier does not reflect the free energy of formation for Pt6 from Pt5 and Pt1.
To estimate the effect of temperature on the free energy of formation for Pt6 from Pt5
and Pt1, we employed an additional restrain on two Pt atoms of Pt5 in order to restrict the
movement of the cluster toward the single Pt atom and preventing it from distorting. The
simulation is illustrated in Figure B.14. With the extra restrain on the Pt5 cluster, the drastic
changes found previously in the second energy barrier at high temperatures were eliminated.
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Figure 4.7: Potential of mean force (PMF) of single Pt atom transport on the TiO2 rutile
(110) surface at three different temperatures computed by the steered molecular dynamics
(SMD) method with pulling speed of 0.02 Å/ns.
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Figure 4.8: Potential of mean force (PMF) of a nucleation of Pt6 from Pt5 and nearby
single Pt atom on the TiO2 rutile (110) surface at three different temperatures computed by
the steered molecular dynamics (SMD) method.
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This result confirms that the decrease in energy originated from the distortion of the Pt5
cluster. The total free energy of ≈30 kcal/mol was observed. The increase in temperature
also affects the total free energy of formation for Pt6 from Pt5 and Pt1. However, the change
in amplitude of a few kcal/mol is small compared to the total formation energy of ≈30
kcal/mol. In conclusion, increasing temperatures significantly reduces the energy barrier of
Pt atom transport on TiO2 surface and the TS of its nucleation, while having a minimal
effect on the total nucleation energy. Therefore, enhances the sintering event.
4.5 Conclusions
New parameters for the density-functional tight-binding (DFTB) method were generated
to simulate platinum particles in vacuum, bulk Pt, and Pt clusters on TiO2 support. New
Pt electronic and repulsive potentials were developed using a protocol we have previously
devised and connected with the tiorg parameter set. The optimized DFTB parameters
were validated by comparing corresponding geometries, energetic properties, and electronic
structures against DFT. The test set includes Ptn (n = 2 − 116) clusters, ≈ 20,000
conformations of Ptn (n = 10, 11, 12, 13) clusters, bulk Pt unit cells (SC, BCC, HCP, and
FCC), and the chemisorption of Ptn (n = 1−8) clusters on the TiO2 rutile (110) and anatase
(101) surfaces.
We employed the new DFTB parameters to simulate the diffusion of Pt1 atom and
the nucleation of Pt6 from Pt5 and Pt1 on rutile (110) surface using the steered molecular
dynamics (SMD) method. While increasing temperatures were found to have a minimal
effect on the total nucleation energy, it significantly reduces the free energy barrier of Pt
atom migration on the TiO2 surface and the transition state (TS) of its nucleation. We
expect that with our new parameters, the DFTB method will be able to contribute to
simulations that involves nanoparticle sintering in catalytic systems and pave the way for
future improvements in these systems.
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Figure 4.9: Potential of mean force (PMF) of a nucleation of Pt6 from Pt5 and nearby
single Pt atom on the TiO2 rutile (110) surface at three different temperatures computed
by the steered molecular dynamics (SMD) method. An additional restraint was applied on




The Fragment Molecular Orbital
Method Based on Long-Range Corrected
Density-Functional Tight-Binding
A version of this chapter was originally published by Vuong, V. Q.; Nishimoto, Y.; Fedorov,
D. G.; Sumpter, B. G.; Niehaus, T. A.; Irle, S. “The Fragment Molecular Orbital Method
Based on Long-Range Corrected Density-Functional Tight-Binding” J. Chem. Theory
Comput. 2019, 15, 3008–3020.
5.1 Abstract
The presently available linear scaling approaches to density-functional tight-binding (DFTB)
based on the fragment molecular orbital (FMO) method are severely impacted by the
problem of artificial charge transfer due to the self-interaction error (SIE), hampering the
simulation of zwitterionic systems such as biopolymers or ionic liquids. We here report an
extension of FMO-DFTB where we included a long-range corrected (LC) functional designed
to mitigate the DFTB SIE, called the FMO-LC-DFTB method, resulting in a robust method
which succeeds in simulating zwitterionic systems. Both energy and analytic gradient are
developed for the gas phase and the polarizable continuum model of solvation. The scaling
of FMO-LC-DFTB with system size N is shown to be almost linear, O(N1.13−1.28) and its
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numerical accuracy is established for a variety of representative systems including neutral
and charged polypeptides. It is shown that pair interaction energies between fragments for
two mini-proteins are in excellent agreement with results from long-range corrected density
functional theory. The new method was employed in long timescale (1 nanosecond) molecular
dynamics simulations of the tryptophan cage protein (PDB: 1L2Y) in the gas phase for four
different protonation states, and in stochastic global minimum structure searches for 1-ethyl-
3-methylimidazolium nitrate ionic liquid clusters containing up to 2300 atoms.
5.2 Introduction
Dynamic chemical processes in zwitterionic systems, such as bio-polymers, ionic liquids, salt
solutions, or metal-organic frameworks, have received considerable attention due to their
fundamental importance in diverse fields such as energy conversion, medical applications,
and catalysis.198–203 Detailed atomic-level understanding of ion transport reactive dynamics is
needed to allow the rational design of a material to enhance its ionic conductivity.204,205 While
the application of classical mechanics to study these processes is usually limited because of
the lack of parameters and polarization in most force fields, a fully quantum chemical study
of these reactive processes is difficult due to the required long simulation timescale and large
system size, often ranging in the tens of thousands of atoms.200,204 Ab initio wave function
or density functional theory (DFT) methods are capable of describing reactive dynamics
in quantum mechanics (QM)-based molecular dynamics (MD) simulations. However, these
methods are only capable of simulating systems containing a few hundred atoms on the order
of hundreds of picoseconds, due to their tremendous computational cost even when modern
supercomputers are used.19,20
Semi-empirical approximations based on wave function methods or DFT have been
proposed to tackle the size and time scale issue. Among them, the density-functional tight-
binding (DFTB) method,50,53–55,58 an approximation to DFT, has emerged as a promising
approach.161 DFTB often outperforms other Hartree–Fock-based semi-empirical methods
like AM1,24 PM3,25,26 PM6,27 or OMx206 because its DFT roots allow for implicit inclusion
of dynamic electron correlation effects,33,35,36,207 and in principle all terms in the DFTB
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energy expression can be computed from regular DFT.208 At the same time, its tight-binding
framework dramatically reduces the computational cost of DFTB, potentially expanding the
applicability of this quantum-chemical method by several orders of magnitude.33,161 The
computational efficiency of DFTB originates from the use of a two-center approximation,
minimal valence electron atomic basis set, and pre-tabulated DFT integrals. On a single
central processing unit (CPU), DFTB allows the geometry optimization of a system
containing several thousand atoms. DFTB enables MD simulations on a nanosecond
timescale for systems containing many hundreds of atoms.39
Even though DFTB is several orders of magnitude faster than conventional Hartree–
Fock (HF) or DFT methods, a computational bottleneck remains related to solving the
Schrödinger equation as a generalized eigenvalue problem requiring the diagonalization
of the DFTB Hamiltonian matrix. This step incurs cubic scaling of computer time
with system size209 and limits the practical application of DFTB to systems containing
a few thousand atoms.38 Linear-scaling approaches such as the fragment molecular orbital
method (FMO),40,41,43–45,210 divide-and-conquer (DC)46–48 or modified DC (mDC)49 have
been developed for DFTB to address the scaling problem. These approaches significantly
broaden the applicable scope of DFTB, and, for instance, it is possible for FMO-DFTB to
perform full quantum-chemical geometry optimization of systems containing up to 1,000,000
atoms on 128 CPU cores in ∼4 days,41 as well as an MD simulation for a nanoscale system
of a similar size.45
DFTB, and necessarily all of its linear-scaling incarnations, inherit not only the
advantages of DFT, but also its deficiencies, most prominently its self-interaction error
(SIE).79,86,115 The spurious interaction of an electron with itself artificially stabilizes
delocalized states, leading to a variety of problematic issues including the underestimation
of the band gap in materials and charge transfer excitation energies, the overestimation of
charge transfer and conductance, and the incorrect description of activation energies for
chemical reactions, as well as the binding energies in charge transfer complexes.79,81–88
The underestimation of the energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) in zwitterionic systems,
such as proteins with charged residues, or ionic liquids, results in oscillation of orbital
92
occupations during self-consistency cycles, which in turn prevents convergence in self-
consistent field (SCF) procedures including self-consistent-charge (SCC) approaches as
employed in DFTB.79,84,115 Although the convergence problem of nearly metallic systems can
be circumvented by using a finite electronic temperature, e.g. in the Fermi–Dirac fractional
orbital occupation distribution function,211 this solution can only be regarded as technical
workaround that simply allows one to gain convergence without solving the electronic state
problem itself.90
FMO-DFTB calculations can fail for systems containing multiple charged fragments in
the gas phase, as previously discussed by Nishimoto et al.80 who demonstrated that artificial
charge transfer occurs in such systems because of the nearly metallic electronic state; adding
solvent in the polarizable continuum model (PCM) tends to stabilize occupied orbitals and
thus increases the HOMO-LUMO gap, stabilizing the calculations. However, enzymatic
catalysis relies heavily on the destabilizing effect of charges in the interior of proteins,212
where implicit solvent models are not generally suitable to stabilize zwitterionic charge
states. Moreover, the SIE still present in FMO-DFTB/PCM methods significantly affects the
description of inter-fragment interactions in dimer calculations containing opposite charges.
Clearly, a more fundamental solution to these problems is highly desirable.
Della Sala and Niehaus have developed a DFTB method with a long-range correction
(LC) in analogy to long-range corrected DFT functionals,91–94 aimed at correcting the
SIE in DFTB.89 The LC-DFTB exchange–correlation functional splits the electron–electron
interaction into short-range and long-range contributions, where the long-range exchange
part is computed by HF and the short-range part is computed by the DFT exchange–
correlation functional.89 The HF exchange integrals are computed in LC-DFTB using
products of the single electron density matrices to construct the required two-electron density
matrix. The onset of the ‘long-range interaction’ is regulated by a parameter ω in the Yukawa
potential.90 It was found that LC-DFTB succeeds to correct the systematic underestimation
of the DFTB HOMO-LUMO gap and the SCF convergence problem for small molecules and
zwitterionic proteins in ground state calculations.77,90
Furthermore, LC-DFTB has recently been utilized to compute excited states by way
of a time-dependent (TD) approach,213 showing that the method can reproduce LC-DFT
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results for optical properties of small molecules, polyacenes, and nucleobases, as well as
charge-transfer excited states in molecular dimers.118 In addition, Humeniuk and Mitric also
introduced an alternative LC approach for TD-DFTB.214,215 Due to the additional calculation
of the long-range HF exchange contribution to construct the Hamiltonian matrix, LC-DFTB
is significantly slower than traditional DFTB, but remains faster than LC-DFT by several
orders of magnitude.90
Because of the artificial charge transfer in FMO-DFTB caused by the nearly metallic
character of systems with multiple oppositely charged fragments, and the high computational
cost and poor scaling of LC-DFTB, the development of a linear-scaling approach for it is
indispensable to study large zwitterionic systems. In this work, the nearly linear-scaling FMO
approach is interfaced with the LC-DFTB developed by Della Sala and Niehaus, referred to
as FMO-LC-DFTB, in the implementation in the GAMESS-US program package.95,216 The
development of FMO-LC-DFTB aims to enable MD simulations for large-scale zwitterionic
systems such as proteins or ionic liquids, which are currently out of the scope of applicability
for the standard FMO-DFTB method.
5.3 Methodology
5.3.1 Overview of LC-DFTB
The derivation of LC-DFTB from DFT has been described in detail by Della Sala and

































where ‘a’ and ‘b’ are indices for atoms; µ, ν, α, and β are indices for atomic orbital (AO);
γµν = γab and γlrµν = γ
lr
ab if µ ∈ a and ν ∈ b; γab and γlrab are functions depending on the
distance between atoms and their chemical hardness. The γlr also depends on the range-
separation parameter ω, which regulates the onset of the ‘long-range interaction’. In eq 5.1,
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∆Dµν =Dµν −D0µν ,
(5.2)
where cµi is the expansion coefficient of the ith molecular orbital (MO) in an AO basis and
D
0 is the electron density matrix of a reference system. The orbital occupation number ni is
2 and 0 for occupied (occ.) and virtual (vir., for later use) orbitals, respectively. The atomic
charge or deviation of the Mulliken population, ∆qa, on atom ‘a’ from that in the neutral









cµicνiSµν − q0a, (5.3)
where Sµν = 〈φµ|φν〉 is the overlap matrix element and q0a is the number of valence electrons
























The derivative of the energy with respect to the coordinate ra (r can be x, y or z in the








































































where ǫi is the ith eigenvalue of H after diagonalization.
5.3.2 Two- and Three-Body Expansions of FMO combined with
LC-DFTB
The FMO method217 is a fragmentation approach218–224 described in detail in the re-
views.40,225–227 Here, it is briefly summarized for completeness. A molecular system is divided
into fragments; then SCC calculations of each fragment are performed in the embedding
potential due to the whole system. After all fragments converge, pairs of fragments are
calculated also in the embedding field; for higher accuracy, triples of fragments are also
computed. The highest level of conglomeration is the order of the FMO expansion, equal to
2 and 3 if the largest conglomerate is a dimer or trimer, respectively.
In this work, two- and three-body expansions of the FMO method41,43,44,210 are combined








(EIJ − EI − EJ), (5.7)
where N is the number of fragments, EI and EIJ are the energies of monomer (fragment) I













































In analogy to FMO-HF, the HF exchange contribution is neglected in the embedding
potential.228,229 The embedding energy EVX,Y is therefore defined in exactly the same way













where ∆qXa is the charge on atom a in a fragment X.






































a −∆qIaδa∈I −∆qJa δa∈J (5.13)
and δa∈I = 1 if atom a belongs to fragment I, and otherwise it is zero. Because the inter-
fragment charge transfer is short-ranged, ∆∆qIJa ≈ 0 for dimers that are far apart from each
other. Following the earlier approach,41 the electrostatic dimer (ES-DIM) approximation121
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IJK,IJK − EVI,IJK − EVJ,IJK − EVK,IJK . (5.17)
In FMO3, the three-body quantum effects of far separated trimers are negligible, and
these energy contributions are ignored for separated trimers using the I-TRIM algorithm.44,124
5.3.3 Analytic Gradients for FMO combined with LC-DFTB
For FMO2, the derivative of energy with respect to an atomic coordinate ra is obtained from































By taking the derivative of eq 5.9, one obtains the contribution of the internal energy term.






















































































where W ′Xµν is the internal energy-weighted density matrix of a fragment X defined earlier
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and DXµν is the density matrix element of the fragment X. In eq 5.19, the derivatives of the









where U ra,Xmi are the orbital responses. The response contribution (the last term) in eq 5.19
arises because of the non-variational formulation of the FMO2 (and FMO3) energy (i.e., the
use of the embedding potential of fragments in SCC calculations of dimers and trimers).
Because the HF exchange contribution is neglected in the embedding calculation, the
derivative of the embedding energy is obtained as described earlier.41 Following the definition
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of the integral derivative of ∆EVIJ ,
45 the derivative of ∆EVIJ can be written as
∂∆EVIJ
∂ra
= ∆EV,raIJ + U














where ∆EV,raIJ are the integral derivatives in the embedding dimer energies,
41 and LIJ,Kmi are
the Lagrangian contributions of the embedding energy.43,45 U













where V Ymi is the ESP matrix of fragment Y in the MO basis.
By collecting all U ra terms for the total gradient of E, one obtains the total response































where AX,Kij,kl and B
ra,X
ij are defined in the Supporting Information. Also in the Supporting
Information is given the derivation of the CP-LC-DFTB equation. As in the case of the
standard FMO-DFTB method, the response contribution is evaluated via the self-consistent
Z-vector (SCZV) method.43,230
The analytic gradient for FMO3 is obtained following the earlier work44 and explicit
equations are omitted for brevity. Likewise, an interface of LC-DFTB to PCM for FMO44,80
is essentially identical to that for the conventional DFTB, so detailed derivations are omitted.
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5.3.4 Validation, Benchmarks, and Demonstration Applications
The accuracy and scaling of the implemented FMO-LC-DFTB energy and gradient was
evaluated for two fragmentation choices and various system sizes. Following the validation,
three applications were carried out (1) electronic structure and pair interaction energies
(PIE)231 for two mini-proteins, (2) MD simulation for Trp-cage protein in gas phase, (3)
stochastic search for the optimal structure and cluster energy of ionic liquid model clusters.
The energy accuracy was evaluated for a polyalanine (COMe–(Ala)n –NHMe, n =
10, 20, . . . , 200) α-helix and extended (unfolded) structure. The precision of the implemented
FMO-LC-DFTB analytic gradient was examined via the slope of the total energy fluctuations
as a function of the MD time step for a (H2O)64 cluster. Microcanonical ensemble (NVE)
FMO2-LC-DFTB/MD simulations were performed for 1 ps (time step 0.1 fs) using velocities
initiated at 300 K for relaxation, and the following 10,000 steps were used to compute the
slope. The accuracy of the gradient was evaluated by comparison of optimized geometrical
parameters of α-helix and extended polyalanine COMe–(Ala)20 –NHMe. Geometry opti-
mizations were performed until the maximum gradient values became smaller than 10−4
Hartree/Bohr.
The accuracy of the solvation energy computed with FMO-LC-DFTB was examined
for two mini-proteins: Chignolin and the Tryptophan (Trp) cage. The input geometries
and residue protonation states were taken from the first configuration of nuclear magnetic
resonance (NMR)-derived structures obtained in aqueous solution; (PDB: 1UAO) for the
Chignolin protein232 and (PDB: 1L2Y) for the Trp-cage protein.233 The PCM calculations
were carried out with the following options: ‘SOLVNT=H2O’, ‘ICAV=1’, ‘IDISP=1’, and for
FMO also ‘IFMO=-1’ was added signifying PCM〈1〉.234 All PCM calculations were performed
using 60 initial tesserae per atom with the keyword ‘NTSALL=60’ and the default van-der-
Waals atomic radii.
The scaling of the FMO-LC-DFTB computing time with respect to the system size was
evaluated for series of water clusters (H2O)n, n ∈ [517, 3191], ethanol clusters (C2H5OH)n,
n ∈ [184, 1044] and glucose clusters (C6H12O6)n, n ∈ [80, 416]. All input geometries in the
scaling tests were prepared by spherically cutting amorphous structures for various radii.
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The wall-clock time of single point energy and gradient for these clusters was measured. All
computations of the scaling tests were performed using one CPU core of ‘Intel Xeon E5-2697’
at 2.30GHz.
For the first application, the energy levels of HOMO and LUMO, and the gaps in
each fragment residue of two small proteins Chignolin and Trp-cage in the gas phase were
investigated using FMO1 based DFTB, LC-DFTB, and LC-BLYP235 methods. The input
geometries were prepared in analogy to the aforementioned PCM test. DFTB2 was used with
the MIO Slater-Koster parameter set58 for DFTB and 6-31G(d) basis set for DFT. Besides
the gaps, PIEs in these proteins were obtained with FMO2 based LC-DFTB, LC-BLYP and
CAM-B3LYP.107 All LC-BLYP and CAM-B3LYP calculations were carried out with their
default range-separation parameters.
For the second application, MD simulations of the Trp-cage protein were carried out to
determine the stable zwitterionic structure of the protein in the gas phase. Four protonation
states RCK, RDK, RCQ and RDQ of the Trp-cage protein were prepared in the same way
they were proposed by Patriksson et al.236 as described in the Supporting Information. The
initial structure was taken from the first configuration of solvated NMR-derived structure
(PDB: 1L2Y). For a short relaxation and sampling, FMO-LC-DFTB/MD simulations of 1 ns
were carried out for each protonation state at 300 K with a time step of 1 fs. The potential
energy and geometries were collected every 100 fs. RATTLE237 was applied to constrain the
length of H–C, H–O and H–N bonds. For each protonation state, the most stable snapshots
were further optimized to rank their stability in the gas phase.
For the last application, a stochastic search for the optimal structure of 1-ethyl-3-
methylimidazolium (EMIM) nitrate clusters was performed. The cluster size varies from
1 to 100 pairs of ions. For each cluster size, 1000 initial structures of the clusters were
randomly generated using a modification of the Kick3 program.238,239 Then, each structure
was relaxed for 1 ps MD simulation at 300 K with the time step of 1 fs. The RATTLE
algorithm was also applied to constrain H–C bonds. A snapshot was extracted from MD
trajectories every 100 steps. In total, 10,000 structures were obtained for each cluster size.
The 100 lowest potential energy structures were further optimized to determine the most
stable structure for each cluster size.
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For all LC-DFTB calculations, the OB2 (shift) Slater-Koster parameter set77 were used
with a range-separation parameter ω=0.3. The Pulay’s DIIS interpolation combined with
second order SCF (SOSCF) orbital optimization methods were used for the SCF procedure
with the following options: ‘DIIS=.T.’, ‘ETHRSH=2.0’, ‘SWDIIS=0.005’ and ‘FDIFF=.F.’
The ES-DIM approximation was applied with the cutoff value (unitless) of 2.0 for FMO2 and
3.25 for FMO3 as recommended earlier.44 For FMO3, the three trimer I-TRIM thresholds
were 1.25,-1,2. Covalent bond fragmentation was performed at the sp3 Cα carbon atoms,
and hybrid orbital projection (HOP) method was used to treat fragment boundaries across
covalent bonds. Hybrid orbitals for sp3 carbons were determined by the Pipek–Mezey
localization analysis240 using LC-DFTB MOs of a methane molecule in its equilibrium
geometry optimized by the same method (the coefficients are provided in the Supporting
Information). In all validations, input geometries were pre-optimized using the ‘minimize’
modules of the TINKER package,241 unless stated otherwise. The same package was used
to generate the α-helix and extended structure of polyalanines.
5.4 Results and Discussion
Although the use of a dispersion correction for FMO-LC-DFTB is straightforward, as such
corrections are typically independent from the electronic structure and readily available
in the GAMESS package, we selected not to employ dispersion corrections in any of our
demonstrations. According to the earlier parametrization work and benchmarks of the
D3(BJ) dispersion correction171 for LC-DFTB, D3(BJ) does not generally improve LC-
DFTB results. It does significantly improve the performance of LC-DFTB-D3(BJ) for the
S66 and WATER27 test sets, but has detrimental effects in the IDISP and BHPERI test
sets.77 In particular the IDISP test set is currently accepted as a key performance check
for intramolecular dispersion interactions. It is therefore necessary to carefully investigate
the effect of the dispersion correction on the system of interest before selecting a particular
one. For this reason, we decided not to use any dispersion correction and present only
results for the pure LC-DFTB method, even though dispersion corrections are available for
FMO-LC-DFTB in our GAMESS-US implementation.
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5.4.1 Accuracy of FMO-LC-DFTB
In order to assess the accuracy of FMO-LC-DFTB, its energies and optimized geometries were
compared to corresponding full LC-DFTB (without fragmentation) energies and optimized
geometries.
Energy
The accuracy by which FMO-LC-DFTB reproduces full LC-DFTB energies was examined for
a polyalanine (COMe–(Ala)n –NHMe, n = 10, 20, . . . , 200) α-helix, and extended structure
with two fragmentations of nres residues per fragment (nres=1, 2). Figure 5.1 shows that the
FMO-LC-DFTB errors in the total energies linearly increase with the number of atoms and
decrease with the fragment size for the α-helix polyalanine and the extended polyalanine
as usual in FMO.41,44 In FMO, the LC-DFTB energy accuracy is comparable to that of
DFTB; for example, for the largest extended polyalanine containing 2012 atoms, the FMO2-
DFTB error with the nres=1 fragmentation is 9.4 and 10.6 kcal/mol with and without LC,
respectively, while it reduces to only 0.76 and 0.72 kcal/mol, respectively, with the nres=2
fragmentation.
Because the FMO error is related to many-body charge transfer, which is large in α-
helices due to multiple hydrogen bonding, the deviations of the total energy for the α-helix
form are larger than for the extended form. Adding trimer corrections improves the accuracy.
For instance, the largest error of 15.94 and 7.07 kcal/mol was found for the largest α-helix
polyalanine for FMO2 and FMO3, respectively. The errors are much reduced when two
residues are combined into one fragment.
Gradient
In order to evaluate the accuracy of the FMO-LC-DFTB analytic gradients, optimized
geometries for polyalanines are compared to those obtained with full LC-DFTB. As
previously observed in similar comparisons between FMO2-DFTB and full DFTB,41 the
presence of many local minima on the potential energy surfaces complicates the geometry
comparison, as the numerical geometry optimization procedure may converge to physically
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Figure 5.1: Deviations of FMO energies from the values in full unfragmented LC-DFTB
for (A) α-helix and (B) extended polyalanine (COMe–(Ala)n –NHMe, n = 10, 20,. . . , 200),
nres stands for residues per fragment. As illustration, the structures of α-helix and extended
COMe–(Ala)20 –NHMe are shown.
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distinct minima in FMO-based and full LC-DFTB surfaces even though the difference
between the gradients for identical geometries is small. To mitigate such purely numerical
effects of the ‘minimum search’, the FMO geometry optimizations were started from the full
LC-DFTB optimized structures. Table 5.1 shows the difference in total energy ∆E between
FMO and full LC-DFTB total energies, as well as the root mean square deviation (RMSD)
for optimized structures of the α-helix and extended form of a 20-residue polyalanine; two
fragmentations of nres = 1 and 2 are compared.
FMO2 geometry optimization of the α-helix with the nres=1 fragmentation has the
largest RMSD of 0.048 Å. Remarkably, the error of FMO3 for the same system and same
fragmentations is significantly decreased, resulting in only 0.011 Å. Furthermore, FMO2
perfectly reproduces bond lengths and angles, reported in Table C1 of the Supporting
Information. The maximum of absolute deviation (MAX) for bond lengths is less than
0.003Å for the α-helix structure and less than 0.001Å for for the extended structure. For
angles, MAX is less than 0.43◦ for the α-helix structure and less than 0.26◦ for the extended
structure. FMO2 is also accurate in dihedral angle with a mean absolute deviation (MAD)
of less than 0.69◦, although the MAX is 10.41◦ for the α-helix structure with the nres=1
fragmentation. The dihedral MAX reduces to 8.38◦ when the size of fragment is doubled.
On the other hand, FMO3 remarkably improves the dihedral angle, the errors reduce to only
3.30◦ with the nres=1 fragmentation. The results emphasize the significant improvement in
computed dihedral angles due to the FMO3 three-body expansion.
The precision of the implemented fully analytic FMO-LC-DFTB analytic gradient was
evaluated by comparing the difference between the analytic and numerical gradients for
a (H2O)64 cluster. The maximum deviations (MAX) are only 1.5x10−6 and 9.8x10−6
hartree/bohr for FMO2-LC-DFTB and FMO3-LC-DFTB, respectively. The numerical
gradient was calculated using the three-point formula with a step size of 1.0x10−3 bohr.
Finally, the precision of the implemented FMO-LC-DFTB analytic gradients was verified
by analyzing the energy conservation in NVE molecular dynamics simulations for a (H2O)64
cluster with varying time integration intervals. For the slope of the energy fluctuations versus
the time step, ideally, the fully analytic gradient would yield a slope of 2 when plotted on
a double-logarithmic scale due to our use of a second-order velocity Verlet time integration
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Table 5.1: Comparison for energies and geometries of α-helix and extended (ext.) forms of
COMe–(Ala)20 –NHMe optimized by FMO and full LC-DFTB (in FMO, nres residues are
assigned to a fragment)
Methods
∆E (kcal/mol) RMSD (Å)
α-helix ext. α-helix ext.
FMO2
nres = 1 -0.031 0.769 0.048 0.095
nres = 2 0.095 0.027 0.045 0.059
FMO3
nres = 1 0.420 0.121 0.011 0.059
nres = 2 0.289 0.011 0.011 0.000
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algorithm. Figure C. 1 shows that the obtained slopes are very close to the theoretical slope:
1.99 for FMO2 and 1.98 for FMO3. With a time step of 1 fs, the root mean square error
(RMSE) in total energy conservation is 0.42 kcal/mol for the (H2O)64. It is worth noting that
the fluctuation of the FMO-LC-DFTB total energy is two orders of magnitude smaller than
the fluctuations in kinetic and potential energies for a time step smaller than 1 fs (Figure
C1 of the Supporting Information). Especially when employing the RATTLE constraint,
the ratio of fluctuations in total energy and potential energy is lower and slowly increases
with the step size. This result suggests that it is possible to accelerate FMO-LC-DFTB/MD
simulations by using time steps equal or even greater than 1 fs.
Energies and Gradients in Implicit Solvent
The accuracy of FMO-LC-DFTB/PCM compared to full calculations without fragmentation
was examined for the Chignolin and Trp-cage proteins in terms of single point energy and
optimized geometry. The FMO/PCM〈1〉 level of theory is employed throughout, and 〈1〉 is
omitted for brevity. Note that FMO-LC-DFTB/PCM gives the identical non-electrostatic
(cavitation, dispersion, and repulsion) energies and gradients to the full LC-DFTB/PCM.
Table 5.2 shows that FMO is very accurate in reproducing the PCM solvation energy; the
error in solvation energy is less than 0.3 kcal/mol for the Trp-cage and less than 0.1 kcal/mol
for the Chignolin protein. The PCM solvation energy is defined as the difference in total
energy with and without PCM. Furthermore, the FMO gradient is also very accurate; RMSD
of FMO structures at all levels is less than 0.033 and 0.024 Å for the one and two residue
fragmentation, respectively, see Table C2 in the Supporting Information.
5.4.2 Scaling of FMO-LC-DFTB
To evaluate the scaling of FMO computing time (wall-clock) with system size, single point
energy and gradient calculations were performed for a series of water, ethanol, and glucose
clusters using a single CPU core. In these calculations, one fragment consists of a single
isolated molecule. The scaling of FMO-LC-DFTB computing time as a function of cluster


























Figure 5.2: The root mean square error (RMSE) of FMO2-LC-DFTB total energy versus
time step from the simulations of a 64 water cluster.
Table 5.2: Deviations in total energy (∆Etot) and PCM solvation energy (∆Esolv)
contribution (kcal/mol) of Chignolin and Trp-cage calculated by FMO-LC-DFTB/PCM and
compared to LC-DFTB/PCM (in FMO, nres residues are assigned to a fragment)
Methods
Trp-cage Chignolin
∆Etot ∆Esolv ∆Etot ∆Esolv
FMO2
nres = 1 1.162 0.294 0.562 0.091
nres = 2 0.432 0.228 0.277 0.064
FMO3
nres = 1 0.553 0.298 0.120 0.099
nres = 2 0.336 0.226 0.061 0.055
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As shown earlier,242 the numbers of SCC dimers and trimers are linear because of the
approximations (this is why both FMO2 and FMO3 have a nearly linear scaling); deviations
from linearity arise from bookkeeping, embedding potential and separated dimers. It is
interesting that in two cases (water and ethanol) FMO3 has in fact a lower scaling than
FMO2; this is because the linear-scaling trimer calculation has a large weight in the total
timing and the observed total scaling is a combined effect of several steps each having a
different scaling; for glucose, however, the embedding potential for large fragments may have
increased the scaling.
In order to demonstrate the practical computer time requirements for the methods
discussed in this work, we list a few representative timings obtained on a single CPU core:
The single point energy calculation for (H2O)3191 (9573 atoms), (C2H5OH)1044 (9396 atoms)
and (C6H12O6)416 (9984 atoms) clusters were carried out in 32, 21 and 66 seconds with the
FMO2-DFTB method, and in 38, 28, and 94 seconds with the FMO2-LC-DFTB method.
FMO-LC-DFTB is only slightly slower than the standard FMO-DFTB, even though LC-
DFTB by itself is about one order of magnitude slower than standard DFTB.90 This favorable
performance can be attributed to the relatively small fragment size and the near-linear scaling
behavior of FMO. To illustrate the speed-up due to fragmentation, a cluster of 220 EMIM-
nitrate ion pairs (5060 atoms) was computed. A single point energy+gradient calculation
on a single CPU core took 84,735 seconds (23.5 hours) with LC-DFTB and only 38 seconds
with FMO2-LC-DFTB, giving a speed-up factor of 2229.
5.4.3 Fragment HOMO-LUMO Gaps and PIEs of Chignolin and
Trp-cage Proteins in the Gas Phase
To demonstrate the ability of FMO-LC-DFTB to accurately describe zwitterionic structures
in the gas phase, the electronic structure of the Trp-cage and Chignolin proteins were
computed in vacuo. Zwitterionic systems are indeed found experimentally in the gas phase,
such as proteins in ion mobility spectroscopy.243 As mentioned in the Introduction, standard
FMO-DFTB calculations for such zwitterionic species in the gas phase often fail due to
convergence problems in dimer calculations containing fragments with opposite charges.
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Figure 5.3: Wall-clock time of the single point energy (E) and gradient (E′) calculations
by FMO-LC-DFTB for (A) water clusters, (B) ethanol clusters and (C) glucose clusters.
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The HOMO and LUMO of each fragment (nres=1 fragmentation) were computed for
NMR-derived molecular structures at the FMO1 level with both DFTB and LC-DFTB,
following the approach described earlier..80 In FMO, DFTB underestimates the HOMO-
LUMO gap of the residues, compared to LC-BLYP, as DFTB destabilizes the HOMO and
overstabilizes the LUMO energy levels, see Figure 5.4. The destabilization of the HOMO
and the stabilization of the LUMO are particularly pronounced for anionic and cationic
fragments, respectively. The FMO1-DFTB LUMOs of the cationic fragments are lower than
the HOMOs of the anionic fragments, causing artificial two-electron charge transfer from
anionic to cationic fragments and hence never-ending orbital occupation oscillations in the
SCC calculations of the zwitterionic dimers.80 This artificial violation of the Aufbau principle
was discussed previously by Nishimoto et al.80
On the other hand, the long-range correction in LC-DFTB stabilizes the HOMO and
raises the LUMO relative to DFTB orbital energies in the gas phase, thereby solving
fundamentally the issue of artificial two-electron charge transfer from anionic to cationic
fragment. Figure 5.4 shows that the LC-DFTB HOMO-LUMO gap for each residue is
comparative to the LC-BLYP gap for the Chignolin and Trp-cage proteins, and that the
LC-DFTB orbital energies of the highest HOMO among all fragments of the protein remains
lower than the lowest LUMO level (‘total’ HOMO-LUMO gap indicated by a grey bar). As
a consequence, convergence issues due to the SIE in dimer calculations for fragments with
opposite charges are no longer encountered, and FMO2-LC-DFTB calculations of energies
and gradients for the entire zwitterionic system in the gas phase or non-polar solvents become
possible.
The pair interaction energy (PIE) analysis between proteins and ligands is very useful for
the purpose of virtual ligand screening and in silico design of new drugs.231,244,245 Here, PIEs
computed with FMO-based LC-DFTB are compared to the values obtained with long-range
corrected BLYP (LC-BLYP) and CAM-B3LYP. The LC-DFTB PIEs for the Trp-cage and
Chignolin proteins in the gas phase show a strong correlation to both LC-DFT functionals
with R2 values greater than 0.96, see Figure 5.5. This implies that FMO-LC-DFTB is a
reliable, computationally much more economical alternative to FMO-DFT for predicting
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Figure 5.4: HOMOs and LUMOs of residues for (A) Trp-cage and (B) Chignolin in the gas
phase. One letter abbreviation was used for residue names with the superscript indicating
total non-zero charge.
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a promising method in drug discovery to screen and analyze drug candidates.246 The slope
of PIE values for DFTB vs DFT is close to 1 (1.02-1.08), on the same order the slope of one
DFT functional vs another (0.96-1.02), showing that not only the correlation is high, but
also the absolute values are very similar (high precision and high accuracy).
5.4.4 Molecular Dynamics Simulations of the Trp-Cage Protein in
the Gas Phase
UV photodissociation247 and electron transfer dissociation248 experiments have shown that
the zwitterionic structure of the Trp-cage exists in vacuum.249,250 However, to the best of our
knowledge, no experimental structure of the protein in the gas phase has been determined.
FMO2-LC-DFTB based molecular dynamics (MD) simulations were performed for the Trp-
cage in four possible protonation states236 (RCK, RDK, RCQ and RDQ, see Supporting
Information) in vacuo. The details for these MD simulations are given in Section 5.3.4.
The potential energy and geometrical RMSD variation as a function of simulation time
are shown in Figure C2 and C3 of the Supporting Information, respectively. The lowest
energy conformation collected during the MD simulation of each protonation state was
reoptimized by FMO2-LC-DFTB. After reoptimization, only RCK and RDK, which were
also predicted as the two most stable protonation states by a force-field based study,236 are
able to preserve their protonation states, see Figure 5.6. The other two structures (RCQ
and RDQ) underwent proton transfer and charge neutralization.
The difference in energy between the two stable protonation states is relatively small,
RCK is ∼0.25 kcal/mol more stable than RDK. This difference appears to be in better
agreement with the OPLS-AA force-field prediction236 (1.9 kcal/mol) and vastly different
from the PM3 method, which predicted that RDK is 35.9 kcal/mol more stable than RCK.236
Because the ultra-violet photodissociation experiment suggested the coexistence of these
protonation states in the gas phase,247 the small differences in potential energy in this FMO-
LC-DFTB and the force field-based studies confirm the experimental observation. FMO
simulation reveals that RCK stabilizes the zwitterionic structure by a network of hydrogen









































































































































































Figure 5.5: Correlation between the LC-DFTB and LC-DFT pair interaction energies (PIE,
in kcal/mol) in FMO at several levels of theory for (A–C) Chignolin and (D–F) Trp-cage
proteins.
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Lys8, Asp9 and Arg16 see Figure 5.6. In the case of RDK, the formation of the salt-bridge
from two nearby residues does not require significant changes in the secondary structure
of the protein from solution; therefore, the structure change is small, consistent with other
computational studies.236,251
5.4.5 Global Minimum Structures and Energetics of Ionic Liquid
Clusters
The faithful simulation of solvent structure is a necessary prerequisite for understanding
diverse fields of technological interest, such as ionic solutions, mineral growth mechanisms,
supercapacitor and battery development, etc. In particular the prediction of physicochemical
properties of ionic liquids is an active field of theory development due to the many
short-comings of classical force field methods on one hand, and the large computer time
requirements for traditional quantum- chemical approaches.252
The DFTB method is filling this gap as a quantum-chemical method with low-
cost requirement.239 Because simulations of solvent structure require large-scale model
systems, the linear-scaling FMO-DFTB method promises great potential for these types
of applications. Unfortunately, FMO-DFTB often fails in simulatons of ionic liquids that
consist of cations having low-lying LUMO levels, e.g. imidazolium derivatives, or anions with
high HOMO, e.g. acetate, due to the aforementioned artificial two-electron charge transfer
between ion pairs. Therefore, the combination of stochastic sampling or replica-exchange
umbrella sampling253,254 methods with FMO-DFTB to study these systems is severely
limited. Here, the applicability of FMO2-LC-DFTB is demonstrated to stochastically search
for the global minimum structure of a model ionic liquid cluster system, namely clusters of
1-ethyl-3-methylimidazolium (EMIM) nitrate with varying from 2 up to 100 ion pairs.
Before carrying out the stochastic search, the accuracy of the FMO2-LC-DFTB isomer
energy compared to the full LC-DFTB was evaluated for cluster of 2, 3, 4, and 5 ion pairs.
The isomer energy of a structure for a cluster size is defined as the difference in total energy of
that structure and the energy of the minimum structure. Figure 5.7 shows a good correlation
between FMO2-based and full isomer energy ∆E with R2 = 0.999 for all the test sets without
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Figure 5.6: The optimal secondary structure of two stable protonation states RCK and
RDK of the Trp-cage protein in the gas phase compared to the experimental solvated NMR-
structure. The NMR structure is in grey, that of the RCK and RDK is in cyan. Atomistic
































































































































Figure 5.7: Correlation between FMO2-LC-DFTB isomer energy and the full LC-DFTB
isomer energy (∆E in kcal/mol) of EMIM nitrate clusters for (A) 2 ion pairs, (B) 3 ion pairs,
(C) 4 ion pairs, (D) 5 ion pairs.
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loss of accuracy for isomer energy predictions. The slope is 1.00-1.01, indiating the agreement
of absolute values.
Finally, a stochastic search for the optimal structure of EMIM nitrate clusters was
performed for 1, 2, 3, 4, 5, 10, 20, 30, 50 and 100 ion pairs. For each cluster size,
10,000 structures were sampled in total (see Section 5.3.4). The 100 lowest potential energy
structures were further refined in geometry optimizations. The optimal structure of these
clusters are provided in the Supporting Information. The cluster binding energy per ion
pair is shown in Figure 5.8; energy of the single anion, cation and 1 ion pair structures
was calculated by the full LC-DFTB. The absolute binding energy per ion pair shows the
expected trend of a rapid decrease for the first ten ion pairs and slowly decays further to a
bulk-like limit. The difference in binding energy per ion pair between 50 and 100 ion pairs
is only 0.2 kcal/mol,indicating converence.
5.5 Conclusions
The long-range correction (LC) by Della Sala and Niehaus89 has been integrated into the
fragment molecular orbital method combined with density-functional tight-binding in order
to allow simulations of zwitterionic systems. The LC approach was designed to mitigate the
DFTB self-interaction error, thereby improving HOMO-LUMO gaps and the DFTB charge
convergence in zwitterionic species.90 The FMO-LC-DFTB energy and analytic first-order
geometrical energy derivatives have been implemented and validated within the GAMESS-US
package for both two- and three-body expansions in gas phase and solution. The computer
time requirements for FMO-based DFTB and LC-DFTB are comparable.
A satisfactory accuracy of FMO-LC-DFTB in reproducing the full LC-DFTB energies and
geometries has been demonstrated. When a polypeptide system is partitioned with fragment
sizes of two residues, the total energy of an extended (linear) structure with 200 residues (100
fragments) was reproduced by FMO-LC-DFTB within 1 kcal/mol, and within 5 kcal/mol for
an α-helix conformation. For a polyalanine containing of 20 residues, structures optimized
with FMO-LC-DFTB had RMSD values of 0.1 Å or less, compared to the minima obtained
with full LC-DFTB. For FMO-LC-DFTB combined with the polarizable continuum model
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Figure 5.8: Binding energy per ion pair of EMIM nitrate clusters with respect to the
number of ion pairs. The most stable structures of 1, 5, 10, 20, 50 and 100 ion pairs are
shown.
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(PCM), the solvation energy of full LC-DFTB/PCM calculations are reproduced within 0.45
kcal/mol for two proteins. The scaling of FMO-LC-DFTB with respect to the number of
atoms N measured for realistic globular systems is almost linear, ∼ O(N1.13−1.28) for both
energy and gradients.
The addition of LC corrects the underestimated DFTB HOMO-LUMO gap in zwitterionic
systems, thereby eliminating the artificial two-electron charge transfer occurring in FMO
dimer calculations for fragments containing opposite charges. This artifact causes instability
of SCC in the FMO-DFTB zwitterionic dimer calculations, and results in orbital occupation
oscillations and convergence failure. Although this problem is somewhat alleviated with
the inclusion of solvent, it is not completely eradicated, and the presented LC approach
profoundly corrects the problem with zwitterionic species. The FMO-LC-DFTB methods
allow for the first time the application of the combination of DFTB with near-linear scaling
FMO for the large-scale simulation of zwitterionic species in the gas phase or in solutions
with weakly polar solvents, or in systems where charges are buried deep inside their center,
away from surfaces accessible to the solvent.
It has been demonstrated in this work that FMO-LC-DFTB is not affected by the
aforementioned convergence problems and offers a natural approach to treat zwitterionic
systems, such as almost all biomolecular systems and ionic liquids or solutions. Taking
advantage of this capability, FMO2-LC-DFTB has been used to carry out MD simulations
of four charge states of the Trp-cage protein in the gas phase for 1 ns, and performed
stochastic searches for the global minimum structure of an EMIM nitrate ionic liquid cluster
containing up to 2300 atoms. The new methods offer advanced capabilities for approximate
first principles-based modeling of artificial protein folding and peptide-ligand or peptide-





The density-functional tight-binding (DFTB) method has been successfully employed in
the simulation of complex chemical processes such as fullerene formation255,256 and host-
guest encapsulation,257 the design of photoactive covalent frameworks,258 drug design,259
and charge transport in porous materials.260 It has gained considerable visibility despite
the rise of massively parallel computer platforms, due to its capability in sustaining long-
timescale reactive MD simulations with explicit consideration of the electronic structure.
Furthermore, its inexpensive computational requirements allow for the effective sampling
of amorphous or disordered materials as they require large model systems in excess of
thousands of atoms. These capabilities are desperately required for predictive simulations of
nanomaterials synthesis or degradation processes. Unfortunately, the potentially compelling
DFTB method suffers from the lack of available accurate parameters, in particular involving
transition metal elements, ever since its conception more than 30 years ago. Such parameters
are extremely important in chemical energy sciences, most notably catalysis and chemical
energy storage. In this dissertation, my previously developed DFTBparaopt semi-automatic
parameterization was therefore employed for the development of two sets of urgently
needed DFTB parameters involving prominent transition metals, (1) for phosphine-stabilized
nanoscale gold clusters, and (2) for platinum nanoparticles in the vacuum and on TiO2
support. In addition to these parameterizations, I have focused on the development of
an accurate DFTB-based linear-scaling method capable of describing zwitterionic systems
for the simulation of electrolytes. To realize this method, the combination of the
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fragment molecular orbital (FMO) approach with the recently developed long-range corrected
DFTB (LC-DFTB) method had been selected and implemented. Initial benchmarks and
demonstration applications were presented.
In chapter 3, the parameterization of the DFTB method for the quantum chemical
simulation of phosphine-ligated nanoscale gold clusters, metalloids, and gold surfaces was
discussed. As a major new insight, it was found that the Au 6p and P 3d virtual atomic
orbital energy levels strongly influence the overall performance of the combined parameter
set. The Au-P repulsive potential was consistently optimized to a near-global minimum
in the scoring function, for different choices of the atomic orbital energies. The new
parameters were validated extensively against DFT geometries, ligand binding and cluster
isomerization energies, ligand dissociation potential energy curves, molecular orbital energies,
and chemisorption for various phosphine-ligated gold clusters and surfaces. Overall, the
new parameters are accurate and decently transferable, showing a very good agreement
between DFTB and DFT methods for a wide range of systems or, in other words, a
wide range of chemical environments. Nevertheless, in a few cases, DFTB exhibits a
notable underestimation in binding energy for Au-P interactions in the moderate-range
distance (1-3 Å longer than the covalent bond distance), indicating shortcomings in terms
of transferability of the electronic parameters. The new parameters were used to the predict
properties of a large gold metalloid Au108S24(PPh3)16 cluster containing ∼700 atoms in total.
These simulations suggest that with the new parameters, DFTB can be used to investigate
phosphine-stabilized nanoscale gold clusters and assist in the predictive modeling of Au-
cluster catalysis in the future.
In chapter 4, the parameterization of the DFTB method for platinum nanoparticles in
the vacuum and on TiO2 support was reported. Performance of the new DFTB parameters
was validated for geometries, energetic properties, and electronic structure of a wide range
of Ptn clusters, and the chemisorption of Ptn clusters on the TiO2 surfaces. In general, the
developed parameters reproduce DFT-computed geometries and energies for Ptn clusters
accurately. DFTB-computed band structures match DFT-computed bands well near the
Fermi level. The parameters are also accurate for geometries and energies of Pt clusters
on the TiO2 surfaces. Good transferability between rutile and anatase phase simulations
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was observed. However, similar as in the case of the Au-P interaction, DFTB shows
a notable underestimation of binding energies for Pt-X (X = Pt, Ti, O) interactions in
the moderate-range distance, (1-3 Å longer than the corresponding typical covalent bond
distance). Since our goal was to leave the existing electronic parameters of the well-
established tiorg parameter set intact, we did not attempt to reoptimize the Ti and O
electronic parameters. Nevertheless, the accuracy of the resulting pt-tiorg parameter set was
found to be sufficient for the qualitative description of potential energy surfaces related to
platinum clusters adsorbed on titania surfaces, and we decided to employ the new parameters
in the simulation of atom Pt1 diffusion and the nucleation of Pt6 from Pt5 and Pt1 on a rutile
(110) surface using the steered molecular dynamics (SMD) method. Increasing temperatures
were found to significantly reduce the energy barrier of the Pt atom migration on the TiO2
surface at the transition state of the Pt6 cluster merger, while only a minor effect was
observed for the total nucleation energy. The simulations represent possibly the first-ever
quantum chemical simulations of the free energy profile for these processes, and provide a
sound atomistic description for the temperature-dependent sintering of nanoparticles on a
metal oxide support. With the new parameters, it is hoped that DFTB can be used to
simulate Pt clusters on TiO2 surfaces, and with the ongoing development of parameters
for Pt-X (X=C, H, N, O) interactions pave the way for the future simulations of Pt-based
catalytic systems stabilized by metal oxide and perovskite support.
In chapter 5, an extension of the FMO-DFTB is presented in which the FMO linear
scaling formalism was connected with the LC-DFTB method. The resulting FMO-LC-
DFTB method is designed to mitigate the DFTB self-interaction error in the simulation of
zwitterionic, large-scale systems on long timescales. Both energy and analytic gradient were
developed for the gas phase and the polarizable continuum model of solvation. The FMO-
LC-DFTB energy and analytic first-order geometrical energy derivatives were implemented
and validated within the GAMESS-US program. A satisfactory level of accuracy of FMO-
LC-DFTB in terms of reproducing full LC-DFTB energies and geometries was demonstrated.
The near-linear scaling behavior of FMO-LC-DFTB with respect to the number of atoms
N was determined for realistic globular systems, for both energy and gradients, with
∼ O(N1.13−1.28). The FMO-LC-DFTB method was used in demonstration studies to (1)
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simulate four charge states of the Trp-cage protein in the gas phase to probe the existence
of salt bridges in the gas phase and (2) to determine the global minimum structure of 1-
ethyl-3-methylimidazolium nitrate (EMIN) ionic liquid clusters containing up to 2300 atoms,
which would be impossible to achieve with standard DFT methods due to the vast structural
search space involved. The new method offers advance capabilities for first principles-based
modeling of large-size ionic liquids, ions interaction with electrodes, and other chemical
energy storage systems.
From the work on parameterization and benchmark of DFTB for two transition metals,
I found that besides optimizing the pairwise repulsive potentials and traditional orbital
and electron density compression radii for the electronic parameters, the tuning of virtual
atomic orbital energy levels present in the valence shell could similarly influence the method’s
overall performance. These virtual atomic orbital levels, such as Au and Pt 6p, and P 3d,
tend to participate heavily in covalent bonding. While the developed DFTB parameters are
reasonably transferable, I found that creating a single DFTB parameter set with the same
level of accuracy DFT method for different chemical environments remains challenging. To
establish a “proper” (=transferable) parameter set for DFTB, one always needs to validate
the parameters for a wide range of test sets with various chemical environments. The DFTB
performance is generally less satisfactory for high-energy systems, including moderate-range
interactions in a range of 1-3 Å longer than covalent bond distances. This is attributed to
drawbacks of the current DFTB methodology, which uses a minimal basis set and monopole
approximation. While my preliminary work extending DFTB with multipole expansion261
improves the moderate-range electrostatic interactions, the expansion of the minimum basis
set by including polarization functions (e.g. 2p orbital for H, 3d orbital for C, N, and
O) is more complicated. As such, attempts to do so can increase errors of the two-center
approximation as neglected three-center integrals become more significant and affect the
Mulliken point charges in an unreasonable/unphysical way. Prospectively, these research
directions will be worth investigations to fundamentally improve the DFTB method and
will be my primary research target in the future. Besides fundamentally correcting for
the electronic interactions, quick corrections to DFTB with recently developed ∆-machine
learning262 or many-body repulsive potentials could also be worth exploring. While such
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readily accessible corrections will have low transferability, they have the potential to increase
the accuracy of DFTB for specific applications. With these future developments, it is
expected that the applicability of the DFTB method for chemical energy sciences in routine
investigations of complex dynamic phenomena will become an invaluable tool to sample free
energy surfaces and structural diversity several orders of magnitude faster than traditional
DFT, and far more reliable than reactive force fields.
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Figure A.1: The DFTB2 auorgα′ and auorgχ′ Au-P repulsive potentials. Ideally, the
DFTB repulsive potentials are positive, however, in the case if Au-P potential the repulsive
potential is negative in the bonding range of ≈2.4 Å. The attractive interaction was made
to compensate the under-binding of Au-P electronic interaction, which ca be attributed to
the effect of the minimum basis set in DFTB method. It is worth mentioning that Au-Au
repulsive potential is also attractive ≈16 kcal/mol.61
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Table A.1: Test results for selected chemical reactions involving H, C, N, O, P, and S containing compounds for DFTB2/mio
with various values of the P 3d orbital energy. The DFTB chemical reaction energies are compared to that of wB97X-D3BJ/def2-

















P2 + P2 = P4 ⇒ -77.34 23.36 27.24 29.78 32.86 34.63 35.78 36.58
P2 + 2 H2 = H2PPH2 ⇒ -47.03 39.31 40.00 40.34 40.56 40.55 40.46 40.35
P2 + 2 H3CCH3 = H6C2PPC2H6 ⇒ -40.35 4.71 6.86 8.34 10.27 11.48 12.32 12.93
P2 + 3 H2 = 2 PH3 ⇒ -49.43 65.97 64.82 63.89 62.46 61.42 60.63 60.00
H2PCH3 + H2 = PH3 + CH4 ⇒ -12.93 10.04 9.72 9.48 9.10 8.84 8.64 8.48
HP(CH3)2 + 2 H2 = PH3 + 2 CH4 ⇒ -23.99 20.34 19.55 18.94 18.02 17.38 16.90 16.53
P(CH3)3 + 3 H2 = PH3 + 3 CH4 ⇒ -33.29 30.81 29.42 28.33 26.74 25.63 24.82 24.19
OP(CH3)3 + 3 H2 = H3PO + 3 CH4 ⇒ -10.23 23.11 21.42 19.91 17.30 15.15 13.37 11.87
HPCH2 + H2 = H2PCH3 ⇒ -43.45 12.20 11.47 10.92 10.15 9.63 9.26 8.98
PCH + H2 = HPCH2 ⇒ -34.93 16.99 16.37 15.89 15.20 14.72 14.37 14.10
PN + H2 = HPNH ⇒ -19.42 10.01 12.18 13.69 15.55 16.58 17.20 17.59
HPNH + H2 = H2PNH2 ⇒ -45.32 28.84 25.86 23.76 20.96 19.11 17.79 16.79
H2PNH2 + H2 = PH3 + NH3 ⇒ -10.13 15.91 11.86 8.61 3.82 0.60 -1.70 -3.41
P(NH2)3 + 3 H2 = PH3 + 3 NH3 ⇒ -14.26 48.16 35.37 25.31 10.56 0.32 -7.09 -12.65
P(NC2H6)3 + 3 H2 = PH3 + 3 HN(CH3)2 ⇒ -4.26 43.49 30.27 19.72 4.16 -6.52 -14.16 -19.83
P4 + 3 O2 = P4O6 ⇒ -507.00 -450.11 -407.74 -372.00 -315.47 -273.00 -240.04 -213.77
P4 + 5 O2 = P4O0 ⇒ -865.78 -769.47 -692.40 -625.74 -516.83 -431.99 -364.24 -309.00
P(OCH3)3 + 3 H2 = PH3 + 3 HOCH3 ⇒ 13.91 156.57 138.93 124.73 103.30 88.09 76.75 68.03
H3PO4 + 3 H2 = H3PO + 3 H2O ⇒ 43.97 151.91 140.53 130.46 113.57 100.08 89.13 80.12
OP(OCH3)3 + 3 H2 = H3PO + 3 HOCH3 ⇒ 50.04 134.34 123.72 114.43 98.99 86.76 76.91 68.82
H3PO3 + 2 H2 = H3PO + 2 H2O ⇒ 31.14 101.01 92.12 84.47 71.98 62.26 54.51 48.22
OP(OH)2CH3 + H2O = H3PO4 + CH4 ⇒ -15.38 -42.39 -40.38 -38.44 -34.90 -31.86 -29.28 -27.07
H2PSH + H2 = PH3 + H2S ⇒ -1.51 14.96 12.98 11.51 9.49 8.17 7.25 6.57
H2PSCH3 + H2 = PH3 + HSCH3 ⇒ -0.25 15.19 13.18 11.71 9.71 8.43 7.53 6.87
H3PS4 + 4 H2 = PH3 + 4 H2S ⇒ 6.56 43.96 34.01 26.18 14.75 6.87 1.16 -3.17
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Table A.2: Averaged and normalized ligand binding ernergies in kcal/mol for small-sized
clusters.
Complexes TPSS/def2-SVP DFTB2/auorgα DFTB2/auorgα′ DFTB2/auorgχ′
Au2(PH3)2 -27.8 -39.1 -48.1 -45.9
[Au3(PH3)3]+ -47.8 -60.9 -67.3 -65.4
Au4(PH3)2 -33.9 -40.3 -49.5 -47.6
Au2(PMe3)2 -36.8 -41.8 -49.9 -47.7
[Au3(PMe3)3]+ -64.5 -66.8 -73.2 -71.4
Au4(PMe3)2 -46.4 -44.2 -52.6 -50.8
Au2(PPh3)2 -37.9 -41.8 -49.7 -47.6
[Au3(PPh3)3]+ -70.0 -70.0 -77.0 -74.8
Au4(PPh3)2 -48.7 -45.0 -53.1 -51.4
146
Table A.3: Averaged and normalized ligand binding ernergies in kcal/mol for moderate-
sized clusters.
Complexes TPSS/def2-SVP DFTB2/auorgα DFTB2/auorgα′ DFTB2/auorgχ′
[Au6(PH3)6]2+ -52.1 -63.1 -69.4 -67.6
[Au7(PH3)7]+ -31.6 -34.5 -43.4 -42.4
[Au8(PH3)8]2+ -43.6 -47.9 -55.4 -54.1
[Au9(PH3)8]3+ -57.3 -69.2 -75.3 -73.4
[Au11(PH3)10]3+ -51.8 -56.7 -63.5 -62.3
[Au13(PH3)12]5+ -72.2 -84.8 -90.3 -88.5
[Au20(PH3)16]4+ -46.2 -48.6 -56.0 -54.4
Au22(PH3)12 -25.5 -19.4 -30.0 -28.6
[Au6(PMe3)6]2+ -71.1 -70.7 -77.3 -75.4
[Au7(PMe3)7]+ -46.5 -39.4 -48.2 -46.9
[Au8(PMe3)8]2+ -60.8 -54.9 -62.4 -61.0
[Au9(PMe3)8]3+ -79.0 -78.5 -85.0 -83.1
[Au11(PMe3)10]3+ -71.2 -65.2 -72.6 -71.0
[Au13(PMe3)12]5+ -98.2 -97.8 -104.1 -102.3
[Au20(PMe3)16]4+ -65.9 -57.2 -64.6 -62.9
Au22(PMe3)12 -41.8 -24.0 -34.1 -32.9
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Table A.4: Averaged and normalized ligand binding ernergies in kcal/mol for large-
sized clusters, TPSS denotes TPSS/def2-SVP, α denotes DFTB2/auorgα, TPSS//α
denotes TPSS/def2-SVP//DFTB2/auorgα, α′ denotes DFTB2/auorgα′, TPSS//α′ de-
notes TPSS/def2-SVP//DFTB2/auorgα′, χ′ denotes DFTB2/auorgχ′, TPSS//χ′ denotes
TPSS/def2-SVP//DFTB2/auorgχ′.
Complexes TPSS α TPSS//α α′ TPSS//α′ χ′ TPSS//χ′
[Au6(dppp)4]2+ -67.6 -58.1 -64.9 -64.9 -64.2 -62.8 -64.5
[Au6(PPh3)6]2+ -87.2 -82.2 -86.2 -89.4 -85.9 -87.4 -85.8
[Au7(PPh3)7]+ -63.9 -49.9 -64.6 -58.6 -64.7 -57.6 -63.8
[Au8(PPh3)7]2+ -80.6 -73.0 -78.6 -80.2 -79.0 -78.3 -79.0
[Au8(PPh3)8]2+ -79.6 -69.7 -79.3 -77.3 -79.3 -75.8 -78.8
[Au8S2(dppm)4]2+ -70.0 -61.5 -71.9 -68.8 -72.1 -68.1 -70.4
[Au9(PPh3)8]3+(C4) -98.9 -92.3 -99.8 -99.4 -100.0 -96.4 -99.3
[Au9(PPh3)8]3+(D2h) -99.3 -94.2 -99.4 -101.4 -99.8 -99.4 -99.5
[Au11(PMePh2)10]3+ (C3v) -85.8 -76.4 -87.7 -83.8 -87.6 -82.6 -87.0
[Au11(PMePh2)10]3+ (D4d) -85.6 -76.5 -87.0 -84.0 -87.1 -84.9 -86.6
[Au13(dppm)6]5+ -108.6 -104.9 -109.0 -111.7 -109.2 -109.8 -108.6
[Au20(PP3)4]4+ -78.4 -57.2 -69.4 -62.6 -70.2 -60.8 -69.5
Au22(dppo)6 -49.5 -30.1 -51.5 -39.1 -50.7 -39.0 -49.5
[Au38(m-MBT)20(PPh3)4]2+ -77.8 -58.9 -86.4 -65.5 -86.4 -65.1 -88.1
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Figure A.2: RMSD over atomic positions for the large-sized phosphine-stabilized gold
clusters. The RMSD of atomic positions considers Au, and P atoms for all large-
sized phosphine-based gold clusters, [Au11(PMePh2)10]3+# denotes [Au11(PMePh2)10]
3+ (C3v),
[Au11(PMePh2)10]3+∗ denotes [Au11(PMePh2)10]
3+ (D4d), [Au38(L)20(PPh3)4]2+ denotes
[Au38(m-MBT)20(PPh3)4]2+.
Figure A.3: Overlap of experimental crystal structure (Au in gold, P in orange and C
in grey) and optimized DFTB/auorgα and DFTB/auorgχ′ structures. auorgα and auorgχ′
structures are represented by light red and sky blue, respectively. The gold nanoclusters
considered in this figure are (A) [Au6(dppp)4]2+ (BOTSOS), (B) [Au7(PPh3)7]+ (BIXZAK),
(C) [Au8(PPh3)8]2+ (OPAUPF), and (D) [Au9(PPh3)8]3+ (MIVPOX-D2h).
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Figure A.4: Deviation in averaged and normalized ligand binding energies for the large-
sized phosphine-stabilized gold clusters in reference to the TPSS/def2-SVP binding energies,
[Au11(PMePh2)10]3+# denotes [Au11(PMePh2)10]
3+ (C3v), [Au11(PMePh2)10]3+∗ denotes
[Au11(PMePh2)10]3+ (D4d), [Au38(L)20(PPh3)4]2+ denotes [Au38(m-MBT)20(PPh3)4]2+.
Table A.5: Comparison of relative energies with respect to the Dn isomers in kcal/mol as






TPSS/def2-SVP // DFTB2/auorgα′ 6.29 -5.90
TPSS/def2-SVP // DFTB2/auorgα 5.19 -7.63
TPSS/def2-SVP // DFTB2/auorgχ′ 6.31 -5.92
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In practice, when studying chemical reactions, absolute cluster binding energies are not as important as
relative binding energies, since a ligand is often replaced by another in the same reaction pathway. Therefore,
to test the performance of DFTB for the prediction of isomerization energies, two particular examples, namely
[Au9(PPh3)8]3+ and [Au11(PMePh2)10]3+ were investigated. In the solid phase, [Au9(PPh3)8]3+ is reported
to have a Au9 core with D2h symmetry, as the full cluster takes a “butterfly” shape.183 In a CH2Cl2 or
methanol solution, this cluster isomerizes to a C4 core with a crown-like structure.143 The Au11 clusters have
idealized C3v and D4d symmetric metal frameworks that differ around three adjacent peripheral sites.184
The change in the skeletal geometries of Au11 clusters is proposed to be caused by the small variations
in ligand packing and the presence of anionic ligands coordinated to the C3v Au11 gold core. It has been
previously predicted that C4 Au9 has a 5.7 kcal/mol lower energy than D2h Au9 in solution,143 while so far
no theoretical predictions were made yet for Au11 relative energy isomers. Here, we optimized the isomer
structures of Au9 (D2h and C4) and Au11 (C3v and D4d) with both DFTB and TPSS methods. Their relative
structural energies are compared in Figure A.5.
The relative energies of the isomers presented in Figure A.5 were calculated with respect to the Dn
isomers (on the left side) as the reference energy. For the [Au9(PPh3)8]3+ cluster, all methods predict
that the higher symmetry D2h structure is more stable than the less symmetric C4 structure, with auorgα′
overstabilizing the high symmetry by about 5 kcal/mol. In the case of [Au11(PMePh2)10]3+ isomers, the
TPSS/def2-SVP calculated C3V isomer is lower in energy than the D4d isomer, while DFTB methods still
predict a slightly more stable high symmetry structure. We note that both the isomer relative energies
and their DFTB deviations are very small, around 5 kcal/mol, and that it is difficult to achieve perfect
agreement even between different density functionals for this energy range. TPSS/def2-SVP single point
energy calculations using the DFTB2/auorgα′ optimized structures reduce the differences between the relative
energies to only 1.33 and 2.72 kcal/mol for Au9 and Au11 isomers, respectively, recovering the isomer energy
ordering of the full TPSS calculations. The complete comparison of the isomer relative energies as calculated
by DFTB with all parameter sets is shown in Table A.5 in the Supporting Information. The presented
comparison demonstrates that, if one wishes to map the potential energy of a certain cluster with many
isomers that are only a few kcal/mol apart in relative energies, performing geometry optimizations and
pre-optimize structures with the DFTB method is a viable option to save computer time.
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Figure A.5: Overlap of experimental X-ray (Au in gold, P in orange and C in grey) and
optimized structures of (A) [Au9(PPh3)8]3+ D2h and C4 isomers and (B) [Au11(PMePh2)10]3+
D4d and C3v isomers. auorgα′ and DFT structures are represented by light red and sky blue,
respectively. The relative energies in kcal/mol with respect to the Dn isomers are also shown
as calculated by TPSS/def-SVP, DFTB2/auorgα′ and TPSS/def2-SVP//DFTB2/auorgα′.



















































































































































































































Figure A.6: Energy level diagram for the frontier orbitals of various clusters as
calculated by (A) DFTB/auorgα and (B) DFTB2/auorgχ′, [Au11(PMePh2)10]3+# denotes
[Au11(PMePh2)10]3+ (C3v), [Au11(PMePh2)10]3+∗ denotes [Au11(PMePh2)10]
3+ (D4d). Dashed
lines are included to guide the eye.
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Table A.6: Comparison of HOMO and LUMO in eV as calculated by DFTB/auorgα′, DFTB/auorgα, DFTB/auorgχ′, and
DFT for small gold clusters.
Complexes TPSS/def2-SVP DFTB2/auorgα′ DFTB2/auorgα DFTB2/auorgχ′
[Au6(dppp)4]2+ (BOTSOS) -7.40 / -5.66 -8.00 / -6.45 -7.81 / -6.00 -7.89 / -6.30
[Au6(PPh3)6]2+ (CATPAO10) -8.15 / -6.22 -8.51 / -6.82 -8.44 / -6.52 -8.43 / -6.60
[Au7(PPh3)7]+ (BIXZAK) -5.10 / -3.47 -5.38 / -4.10 -5.07 / -3.69 -5.35 / -4.02
[Au8(PPh3)7]2+ (BASWUN) -7.70 / -5.99 -8.01 / -6.68 -7.94 / -6.44 -7.93 / -6.47
[Au8(PPh3)8]2+ (OPAUPF) -7.51 / -5.29 -7.83 / -6.18 -7.68 / -5.79 -7.79 / -5.93
[Au8S2(dppm)4]2+ (LEVKIJ) -7.97 / -5.67 -8.86 / -6.52 -8.63 / -6.20 -8.76 / -6.42
[Au9(PPh3)8]3+ (MIVPOX-C4) -9.84 / -7.94 -10.17 / -8.58 -10.14 / -8.38 -10.10 / -8.40
[Au9(PPh3)8]3+ (MIVPOX-D2h) -9.63 / -8.01 -9.92 / -8.74 -9.91 / -8.59 -9.85 / -8.52
[Au11(PMePh2)10]3+ (ZUCMAL) -9.34 / -7.23 -9.86 / -8.13 -9.70 / -7.75 -9.78 / -7.87
[Au11(PMePh2)10]3+ (ZUCMEP) -9.43 / -7.23 -9.83 / -8.15 -9.67 / -7.78 -9.8 0 / -7.90
[Au13(dppm)6]5+ (LEVKAB) -13.34 / -12.28 -13.73 / -12.48 -13.77 / -12.39 -13.69 / -12.40
[Au20(PP3)4]4+ (POFPUX) -9.73 / -8.53 -10.28 / -9.346 -10.06 / -9.00 -10.21 / -9.16
Au22(dppo)6 (TOCFIC) -2.11 / -1.67 -2.75 / -2.00 -2.30 / -1.73 -2.64 / -1.98
[Au38(m-MBT)20(PPh3)4]2+ (CEMZIG) -7.19 / -6.07 -7.55 / -6.50 -7.52 / -6.50 -7.52 / -6.40
Au70S20(PPh3)12 (TELMUV) -3.45 / -2.90 -3.59 / -3.13 -3.47 / -2.99 -3.65 / -3.13
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Figure A.7: HOMO and LUMO of (A) [Au6(dppp)4]2+, (B) [Au7(PPh3)7]+ (BIXZAK),
(C)[Au8(PPh3)8]2+ (OPAUPF) and (D) [Au9(PPh3)8]3+ (MIVPOX-D2h) clusters as
calculated by TPSS/def2-SVP and DFTB2/auorgα′; isosurface value = 0.02 a.u.
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Figure A.8: HOMO and LUMO of (A) [Au6(dppp)4]2+ and (B) [Au8(PPh3)8]2+
(OPAUPF) clusters as calculated by TPSS/def2-SVP, DFTB2/auorgα′, DFTB2/auorgα, and
DFTB2/auorgχ′; isosurface value = 0.02 a.u.
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Figure A.9: HOMO and LUMO of (A) [Au7(PPh3)7]+ (BIXZAK) and (B) [Au9(PPh3)8]3+
(MIVPOX-D2h) clusters as calculated by TPSS/def2-SVP, DFTB2/auorgα′, DFTB2/auorgα,
and DFTB2/auorgχ′; isosurface value = 0.02 a.u.
Experimental DFTB2/auorgα'DFTB2/auorgα DFTB2/auorgχ'
(A) (B) (C)































































Figure A.10: Experimental (in black), computed auorgα (in green) DFTB2/auorgα′ (in
red), and auorgχ′ (in orange) far-IR spectra for (A) [Au6(dppp)4]2+, (B) [Au8(PPh3)8]2+,
and (C) [Au9(PPh3)8]3+ clusters.
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Table A.7: Summary of contributing transitions as calculated by PBE/def2-SVP, DFTB2/auorgα′, DFTB2/auorgα and
DFTB2/auorgχ′ for the [Au6(dppp)4]2+ cluster and their assignment to the experimental spectral peaks, as well as a brief
description of the assigned transition modes
Experimental PBE/def2-SVP Intensity DFTB2/auorgα′ Intensity DFTB2/auorgα Intensity DFTB2/auorgχ′ Intensity Mode description
(cm-1) (cm−1) (km/mol) (cm−1) (km/mol) (cm−1) (km/mol) (cm−1) (km/mol)
90
85.52 2.6113 80.85 0.008 74.09 0.0142 70.44 0.0102
Au core distortion
87.06 3.0854 87.25 87.25 72.85 0.0119
89.74 1.7775 96.42 96.42 89.73 0.0102
130
119.65 1.9408 115.45 0.0101 126.85 0.0326 137.82 0.0151
125.79 0.6063 121.47 0.0197 130.42 0.0114 140.15 0.0276
125.57 0.053 136.98 0.0149 145.69 0.0247
145.9 0.0135
325
322.41 1.0008 331.99 0.0207 323.49 0.0139 327.67 0.0297
P2Ph4–(CH3)3 wag324.42 1.5474 336.12 0.011 336.48 0.0245
358
343.09 2.7216 344.08 0.0424 356.02 0.0225 339.77 0.0165
P–(CH2)3–P distortion
343.54 2.5989 351.05 0.015 351.16 0.0218
346.55 2.2757 358.08 0.0242 353.92 0.0392




404.31 4.7347 391.89 0.1727 397.37 0.0977 389.66 0.2028
P–C–C–C–P bend
404.79 4.6453 395.32 0.0152 397.63 0.0307 394.54 0.0397
413.31 0.8692 399.06 0.0149 402.98 0.0236 397.03 0.0523
414.48 13.2331 400.7 0.0301 410.2 0.036 397.37 0.1089
416.7 9.3675 411.36 0.0713 409.68 0.0942
417.66 4.9216 416.86 0.076
419.21 6.3026
431
425.22 6.1159 424.99 0.0588 423.33 0.0516 417.41 0.1034
Au–P stretch and P–Ph stretch
427.51 5.486 426.34 0.1706 423.53 0.1058 419.09 0.1037
431.4 3.7808 426.51 0.0396 427.4 0.0423 421.43 0.2731
434.64 7.2679 428.16 0.1126 431.58 0.0984 424.72 0.1076
437.65 0.9142 430.5 0.122 436.3 0.0258
437.08 0.0141
447
441.92 33.2022 441.98 0.0892 441.62 0.0948 436.94 0.0762
P(CH2)3Ph2 distortion
442.69 8.5664 443.44 0.0586 442.55 0.1481 437.2 0.164
443.85 0.4207 437.2 0.22





475 457.58-485.52 Avg. 16.1239 448.67-477.85 Avg. 0.2416 448.97-475.05 Avg. 0.1546 453.31-473.89 Avg. 0.2414
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Table A.8: Summary of contributing transitions as calculated by PBE/def2-SVP, DFTB2/auorgα′, DFTB2/auorgα and
DFTB2/auorgχ′ for the [Au8(PPh3)8]2+ cluster and their assignment to the experimental spectral peaks, as well as a brief
description of the assigned transition modes
Experimental PBE/def2-SVP Intensity DFTB2/auorgα′ Intensity DFTB2/auorgα Intensity DFTB2/auorgχ′ Intensity Mode description
(cm-1) (cm−1) (km/mol) (cm−1) (km/mol) (cm−1) (km/mol) (cm−1) (km/mol)
182
173.46 1.4183




178.65 0.0165 181.34 0.0913 183.25 0.0941
Ph rock
183.44 0.0782 182 0.1359 183.88 0.089
183.68 0.091 191.17 0.23 191.53 0.0338
191.34 0.028 192.78 0.0954 191.8 0.0251
191.9 0.0272 193.37 0.0533 197.43 0.0213
196.17 0.0607 198.77 0.0785 200.69 0.0749
199 0.0264 199.03 0.0718 201.22 0.0879
201.5 0.0867 202.03 0.0457 201.79 0.0822
202.39 0.0949 202.42 0.0446 202.94 0.0779
204.11 0.0638 205.02 0.035 204.76 0.0173
206.59 0.0143 206.4 0.0268 205.26 0.0602
206.82 0.0448 207.82 0.0365 207.56 0.0173
208.4 0.0366 208.45 0.0712 210.66 0.0802








221.81 0.0131 234.58 0.1216 240.69 0.0348
Ph rock
238.05 0.0642 238 0.0263 242.16 0.0414
238.66 0.0594 244 0.0378 242.47 0.0303
239.42 0.017 244.28 0.0176 243.07 0.0242
241.87 0.0138 244.87 0.069 246.36 0.0409
242.98 0.0168 245.58 0.0131 248.32 0.0459
245 0.061 246.01 0.0521 248.45 0.0297
245.74 0.0506 247.41 0.0436 249.57 0.0189
248.31 0.1025 247.45 0.0321 249.72 0.0118
248.74 0.0422 247.59 0.026 249.88 0.0692
248.92 0.028 247.83 0.0218
250.29 0.0241 250.49 0.0373



















436 426.97-441.72 Avg. 2.6561 431.28-455.63 Avg. 0.0873 410.22-448.34 Avg. 0.0423 427.38-457.86 Avg. 0.0885
PPh3 distortion
480 498.85-507.62 Avg. 21.2375 460.98-487.34 Avg. 0.2324 466.34-487.27 Avg. 0.2316 462.09-484.41 Avg. 0.2373
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Table A.9: Summary of contributing transitions as calculated by PBE/def2-SVP, DFTB2/auorgα′, DFTB2/auorgα and
DFTB2/auorgχ′ for the [Au9(PPh3)8]3+ cluster and their assignment to the experimental spectral peaks, as well as a brief
description of the assigned transition modes
Experimental PBE/def2-SVP Intensity DFTB2/auorgα′ Intensity DFTB2/auorgα Intensity DFTB2/auorgχ′ Intensity Mode description
(cm-1) (cm−1) (km/mol) (cm−1) (km/mol) (cm−1) (km/mol) (cm−1) (km/mol)
157 148.81 2.2532
136.28 0.0161 129.37 0.0176 141.33 0.0351
Au core distortion
142.19 0.0637 131.6 0.0153 147.08 0.017




168.16 0.0136 168.01 0.1323 188 0.0321169.95 9.6724
174.7 17.3597
197
186.07 1.5613 190.19 0.0189 190.87 0.0694 194.67 0.2618
195 2.025 192.12 0.0159 191.15 0.1564 195.37 0.2421
198.75 4.7331 192.73 0.1244 191.84 0.1133 198.78 0.0721
204.53 3.7443 193.1 0.0149 193.45 0.1528 205.06 0.0328




214.56 0.6717 215.13 0.0134 206.25 0.0615 213.7 0.0159
Ph rock
214.91 0.6573 217.12 0.015 207.4 0.0581 215.86 0.012
217.12 2.4079 214.06 0.1124 226.53 0.0412





238.93-251.52 Avg. 1.4416 231.09 0.0153 227.83 0.1353 232.29 0.0227
PPh3 distortion
233.76 0.0244 229.86 0.0213 232.47 0.0258
233.97 0.0239 231.21 0.1022 232.84 0.0239
234.03 0.0215 240.05 0.0349 239.67 0.0522
239.78 0.0499 244.58 0.0159 241.13 0.0175
243.36 0.029 258.28 0.1192 256.19 0.1159
256.9 0.1193 259.19 0.0141 256.39 0.0101
259.32 0.0138
260.15 0.0371
397 390.16-401.64 Avg. 0.2980 394.25 0.0091 389.87 0.0188 394.01 0.0114
Ph twist




431.79 0.401 429.48 0.397
432.69 0.0108 430.32 0.0537
432.7 0.0339 433.86 0.03
434.9 0.0315 434.53 0.1603
435.54 0.1803 435.16 0.0201
435.91 0.0288
437.89 0.0106
448 438.55-444.13 Avg. 5.2400 451.01-456.88 Avg. 0.2211 440.57 0.2226 450.55-453.26 Avg. 0.2197
PPh3 distortion480 489.33-492.65 Avg. 18.8798 486.37-488.36 Avg. 0.5519 483.27-496.16 0.5163 485.92-487.96 0.562
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Figure A.11: Different adsorption binding sites on Au (111) surface, only the Au atoms of
the top two layers are shown.
Figure A.12: HOMO and LUMO plots of Au108S24, Au108S24(PH3)16, and Au108S24(PPh3)16
clusters as calculated by TPSS/def2-SVP//DFTB2/auorgα′; isosurface value = 0.015 e0.5/a30 .
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Table A.10: Summary of contributing transitions determined by DFTB2/auorgα′ for the
[Au108S24(PPh3)16] cluster and brief description of the assigned transition modes, part 1.






















118.772 0.01639 Au-Au-Au rocking (connected to planar rings)
119.34 0.01649 Au-Au-Au scissoring (connected to planar rings)
120.403 0.01194

























185.76-192.27 Avg. 0.0346 Ph rocking
198.523 0.14019









Table A.11: Summary of contributing transitions determined by DFTB2/auorgα′ for the
[Au108S24(PPh3)16] cluster and brief description of the assigned transition modes, part 2.



















































248.71-252.17 Avg. 0.0379 Ph twist
255.09-262.74 Avg. 0.1307 PPh3 distortion and Au-S stretch
265.03-272.86 Avg. 0.0391 Au4S4 planar ring rock
274.386 0.05491
Au4S4 symmetric stretch276.211 0.15656
276.568 0.19116
277.186 0.11359
Au4S4 asymmetric stretch279.671 0.03883
279.781 0.08326
163
Table A.12: Summary of contributing transitions determined by DFTB2/auorgα′ for the
[Au108S24(PPh3)16] cluster and brief description of the assigned transition modes, part 3.













334.01-372.66 Avg. 0.0205 Ph twist
431.06-459.86 Avg. 0.06291
PPh3 distortion471.809-495.78 Avg. 0.1485








532.85-554.38 Avg. 1.6027 Ph twist and Au-S stretch
559.916 9.29723




613.44-648.58 Avg. 0.1124 PPh3 distortion
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Validation of the DFTB Method in Predicting Infrared Spectra of
Gold–Thiolates Clusters
To validate the reliability of the DFTB2 method in simulating IR spectra for gold–thiolates nanoclusters,
we compare the DFTB predicted IR spectra to published DFT theoretical IR spectra for Au4(SCH3)4,
Au18(SCH3)14, and [Au25(SCH3)18]
– clusters.142,150,151 In addition, we evaluate the capability of the
DFTB2 method in describing ligand-ligand interactions and the effects of ligands on the structure and
vibrational properties of the gold–thiolates clusters. We compare DFTB2 calculated IR to DFT calculated
and experimental IR spectra for Au18 core cluster with six different types of ligand; –SCH3, –S–c-C6H11,
–SPh, –p-MBA, –SPhNO2, and –TBBT.142 The effects of different ligands on the geometry of the Au18
core are compared as well. Figure A.13 shows that the DFTB calculated IR spectra are comparable
to the corresponding DFT spectra predicted by Tlahuice-Flores in his previous work.142 Similar to the
IR spectra of the phosphine-stabilized [Au6(dppp)4]2+, [Au8(PPh3)8]2+, and [Au9(PPh3)8]3+ clusters, the
DFTB calculated intensities are significantly lower but the normalized spectral shapes agree with their DFT
calculated counterparts.
Figure A.14 shows DFTB calculated IR spectra of a Au18 core cluster with six different types of ligands.
Generally, DFTB calculated IR spectra resemble closely the DFT calculated spectra, but with smaller
intensities than the reported ones by ≈20-40 km/mol.142 DFTB reproduces the change in IR spectra with
the change of ligands well in comparison to the DFT calculated IR spectra. In particular, the case of
Au18(–S–c-C6H11)14 clearly shows that the DFTB IR spectrum agrees extremely well with the experimental
spectrum (using the same methodology as for the phosphine-stabilized clusters).138 Small deviations between
DFTB and DFT IR spectra might be caused by different initial geometries for the previously published DFT-
and our own DFTB-optimized geometries,142 and because the geometry optimization of these large and
complicated clusters can converge to different local minima. Among these Au18 clusters, Au18(p-MBA)14
and Au18(SPhNO2)14 clusters have highest intensity in their IR signals particularly for the Au-Au and
Au-S stretches in Au18S14 core clusters when compared to the rest of the clusters. The increase in these
IR intensities can be attributed to the large structural distortions caused by p-MBA and SPhNO2 ligands.
Figure A.15 shows the distortions of the Au18 core cluster caused by these ligands. This is consistent with
the previous DFT-based study.142 These results are very encouraging and suggests that the DFTB method is
reliable in predicting the IR spectra for thiolate-protected gold clusters and confirms that it is able to describe
the ligand-ligand interactions as well as ligands effects on gold clusters congruent with DFT predictions.
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Figure A.13: DFTB calculated IR spectra of Au4(SCH3)4, Au18(SCH3)14, and
[Au25(SCH3)18]– .
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Figure A.14: Calculated IR spectra of Au18(SCH3)14, Au18(S–c-C6H11)14, Au18(SPh)14,
Au18(p-MBA)14, Au18(SPhNO2)14, and Au18(TBBT)14 clusters using a FWHM of 5 cm−1
Gaussian broadening. More intense IR spectra are observed on p-MBA- and SPhNO2-
protected clusters. The additional plots in S–c-C6H11-ligated Au18 are the experimental
far-IR spectrum (dotted red) and the DFTB-simulated with a wider FWHM of 8 cm−1
Gaussian broadening.
Figure A.15: Au18S14 core structures of Au18(S–c-C6H11)14, Au18(p-MBA)14, and
Au18(SPhNO2)14 clusters with four different ligands (ligand structures are omitted for
clarity). Au and S atoms are yellow and orange. The clusters are optimized by means
of DFTB/auorgα′ with the D3 dispersion corrections.
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B Supporting Information for “Density-Functional Tight-
Binding for Platinum Nanoparticles in Vacuum and on
TiO2 Support”
Table B.1: Pt2 to Pt116 clusters, their corresponding atomization energies ∆Eat, weight
factors W at and W force used in the fitting of Pt-Pt repulsive potential.
Clusters ∆Eat (kcal/mol) W at W force Clusters ∆Eat (kcal/mol) W at W force
pt2 93.23 5.00 1.0 pt24 2499.73 0.46 1.0
pt3 191.94 3.00 1.0 pt25 2613.09 0.45 1.0
pt4 276.56 2.00 1.0 pt26 2638.09 0.43 1.0
pt5 370.52 1.50 1.0 pt27 2867.45 0.42 1.0
pt6 468.94 1.30 1.0 pt28 2975.17 0.41 1.0
pt7 558.71 1.16 1.0 pt29 3089.80 0.40 1.0
pt8 687.04 1.05 1.0 pt30 3206.25 0.39 1.0
pt9 783.21 0.96 1.0 pt35 3763.68 0.35 1.0
pt10 896.13 0.89 1.0 pt40 4263.81 0.31 1.0
pt11 1031.75 0.83 1.0 pt45 5013.69 0.29 1.0
pt12 1136.74 0.78 1.0 pt50 5642.17 0.27 1.0
pt13 1188.11 0.73 1.0 pt55 6226.31 0.25 1.0
pt14 1312.78 0.69 1.0 pt60 6754.25 0.23 1.0
pt15 1434.30 0.66 1.0 pt65 7387.20 0.22 1.0
pt16 1551.90 0.62 1.0 pt70 8030.22 0.21 1.0
pt17 1657.96 0.60 1.0 pt75 8558.29 0.20 1.0
pt18 1776.94 0.57 1.0 pt80 9279.25 0.19 1.0
pt19 1836.88 0.55 1.0 pt85 9951.22 0.18 1.0
pt20 2048.27 0.53 1.0 pt90 10551.42 0.17 1.0
pt21 2140.13 0.51 1.0 pt95 11153.83 0.16 1.0
pt22 2278.23 0.49 1.0 pt100 11767.93 0.16 1.0
pt23 2389.94 0.48 1.0 pt116 13714.01 0.14 1.0
pt3-iso1 174.70 2.19 1.0 pt7-iso5 577.52 1.16 1.0
pt4-iso1 278.11 1.77 1.0 pt9-iso1 792.82 0.96 1.0
pt4-iso2 278.55 1.77 1.0 pt9-iso2 793.13 0.96 1.0
pt7-iso1 582.79 1.16 1.0 pt9-iso3 808.93 0.96 1.0
pt7-iso2 571.97 1.16 1.0 pt9-iso4 800.84 0.96 1.0
pt7-iso3 581.73 1.16 1.0 pt9-iso5 812.81 0.96 1.0
pt7-iso4 574.63 1.16 1.0 pt9-iso6 796.73 0.96 1.0
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Table B.2: Twenty isomers of Pt10, Pt11, Pt12, Pt13 clusters, their corresponding
atomization energies ∆Eat, weight factors W at and W force used in the fitting of Pt-Pt
repulsive potential.
Clusters ∆Eat (kcal/mol) W at W force Clusters ∆Eat (kcal/mol) W at W force
pt10-iso1 913.19 0.89 1.0 pt12-iso1 1138.23 0.78 1.0
pt10-iso2 910.68 0.89 1.0 pt12-iso2 1143.92 0.78 1.0
pt10-iso3 932.64 0.89 1.0 pt12-iso3 1149.30 0.78 1.0
pt10-iso4 918.28 0.89 1.0 pt12-iso4 1148.58 0.78 1.0
pt10-iso5 910.39 0.89 1.0 pt12-iso5 1144.21 0.78 1.0
pt10-iso6 914.10 0.89 1.0 pt12-iso6 1140.75 0.78 1.0
pt10-iso7 911.10 0.89 1.0 pt12-iso7 1139.49 0.78 1.0
pt10-iso8 907.09 0.89 1.0 pt12-iso8 1131.65 0.78 1.0
pt10-iso9 908.01 0.89 1.0 pt12-iso9 1129.28 0.78 1.0
pt10-iso10 909.85 0.89 1.0 pt12-iso10 1119.02 0.78 1.0
pt10-iso11 900.81 0.89 1.0 pt12-iso11 1116.84 0.78 1.0
pt10-iso12 899.96 0.89 1.0 pt12-iso12 1116.48 0.78 1.0
pt10-iso13 902.20 0.89 1.0 pt12-iso13 1126.98 0.78 1.0
pt10-iso14 910.09 0.89 1.0 pt12-iso14 1108.72 0.78 1.0
pt10-iso15 899.57 0.89 1.0 pt12-iso15 1112.27 0.78 1.0
pt10-iso16 898.82 0.89 1.0 pt12-iso16 1105.44 0.78 1.0
pt10-iso17 903.46 0.89 1.0 pt12-iso17 1115.11 0.78 1.0
pt10-iso18 893.06 0.89 1.0 pt12-iso18 1098.91 0.78 1.0
pt10-iso19 902.08 0.89 1.0 pt12-iso19 1099.34 0.78 1.0
pt10-iso20 869.66 0.89 1.0 pt12-iso20 1083.88 0.78 1.0
pt11-iso1 1032.96 0.83 1.0 pt13-iso1 1188.30 0.73 1.0
pt11-iso2 1038.44 0.83 1.0 pt13-iso2 1251.04 0.73 1.0
pt11-iso3 1036.63 0.83 1.0 pt13-iso3 1258.14 0.73 1.0
pt11-iso4 1039.64 0.83 1.0 pt13-iso4 1264.10 0.73 1.0
pt11-iso5 1034.99 0.83 1.0 pt13-iso5 1256.96 0.73 1.0
pt11-iso6 1029.12 0.83 1.0 pt13-iso6 1250.67 0.73 1.0
pt11-iso7 1017.50 0.83 1.0 pt13-iso7 1256.38 0.73 1.0
pt11-iso8 1013.02 0.83 1.0 pt13-iso8 1250.97 0.73 1.0
pt11-iso9 1021.96 0.83 1.0 pt13-iso9 1244.40 0.73 1.0
pt11-iso10 1014.19 0.83 1.0 pt13-iso10 1233.89 0.73 1.0
pt11-iso11 1009.03 0.83 1.0 pt13-iso11 1241.34 0.73 1.0
pt11-iso12 1003.15 0.83 1.0 pt13-iso12 1228.49 0.73 1.0
pt11-iso13 1001.54 0.83 1.0 pt13-iso13 1227.87 0.73 1.0
pt11-iso14 1002.75 0.83 1.0 pt13-iso14 1228.23 0.73 1.0
pt11-iso15 996.96 0.83 1.0 pt13-iso15 1226.07 0.73 1.0
pt11-iso16 1007.23 0.83 1.0 pt13-iso16 1205.82 0.73 1.0
pt11-iso17 999.57 0.83 1.0 pt13-iso17 1214.67 0.73 1.0
pt11-iso18 986.67 0.83 1.0 pt13-iso18 1213.00 0.73 1.0
pt11-iso19 1005.08 0.83 1.0 pt13-iso19 1209.36 0.73 1.0
pt11-iso20 1004.85 0.83 1.0 pt13-iso20 1205.12 0.73 1.0
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Table B.3: Clusters, their corresponding atomization energies ∆Eat in kcal/mol, weight
factors W at and W force used in the fitting of Pt-Ti and Pt-O repulsive potentials.
Clusters ∆Eat W at W force Clusters ∆Eat W at W force
pt1-ti1 147.22 2.97 1.0 pt4-o1-iso3 - 0.00 15.0
pt1-ti2 265.17 2.19 1.0 pt4-oh - 0.00 1.0
pt2-ti1 298.68 2.19 1.0 pt4-oh_2 - 0.00 1.0
pt2-ti2 421.45 1.77 1.0 pt4-oh2 - 0.00 15.0
pt3-ti1-iso1 398.35 1.77 1.0 pt4-och3 - 0.00 1.0
pt3-ti1-iso2 396.64 1.77 1.0 pt4-och3_2 - 0.00 1.0
pt3-ti2 575.26 1.50 1.0 pt10-o1-iso1 - 0.00 1.0
pt4-ti1-iso1 408.69 1.50 1.0 pt10-o1-iso2 - 0.00 1.0
pt4-ti1-iso2 447.15 1.50 1.0 pt10-o1-iso3 - 0.00 1.0
pt4-ti1-iso3 489.19 1.50 1.0 pt10-o1-iso4 - 0.00 1.0
pt4-ti1-iso4 500.19 1.50 1.0 pt10-oh-iso1 - 0.00 1.0
pt4-ti2 691.43 1.30 1.0 pt10-oh-iso2 - 0.00 1.0
pt5-ti1-iso1 603.59 1.30 1.0 pt10-oh_2-iso1 - 0.00 1.0
pt5-ti1-iso2 601.21 1.30 1.0 pt10-oh_2-iso2 - 0.00 1.0
pt10-ti1-iso1 1109.98 0.83 1.0 pt10-oh2-iso1 - 0.00 15.0
pt10-ti1-iso2 1157.57 0.83 1.0 pt10-oh2-iso2 - 0.00 15.0
pt10-ti1-iso3 1154.16 0.83 1.0 pt10-oh2_2 - 0.00 15.0
pt1-o1 - 0.00 1.0 pt10-och3-iso1 - 0.00 1.0
pt1-o2 - 0.00 1.0 pt10-och3-iso2 - 0.00 1.0
pt1-oh - 0.00 1.0 pt1-tio2 - 0.00 1.0
pt1-oh_2 - 0.00 1.0 pt1-tio2h2 - 0.00 1.0
pt1-oh2 - 0.00 15.0 pt1-otioh_3 - 0.00 15.0
pt1-och3 - 0.00 1.0 pt1-tio2_3-iso1 - 0.00 15.0
pt1-och3_2 - 0.00 1.0 pt1-tio2_3-iso2 - 0.00 15.0
pt1-co3 - 0.00 1.0 pt1-tio2_4-iso1 - 0.00 15.0
pt1-acac_2 - 0.00 1.0 pt1-tio2_4-iso2 - 0.00 15.0
pt3-o1-iso1 - 0.00 15.0 pt1-tio2_4-iso3 - 0.00 15.0
pt3-o1-iso2 - 0.00 1.0 pt2-tio2_3 - 0.00 1.0
pt3-o2-iso1 - 0.00 1.0 pt2-tio2_4-iso1 - 0.00 1.0
pt3-o2-iso2 - 0.00 15.0 pt2-tio2_4-iso2 - 0.00 1.0
pt3-o2-iso3 - 0.00 15.0 pt4-otioh_3 - 0.00 1.0
pt4-o1-iso1 - 0.00 1.0 pt4-tio2_3 - 0.00 1.0
pt4-o1-iso2 - 0.00 15.0 pt4-tio2_4 - 0.00 1.0
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Table B.4: Distorted geometries of Pt2 cluster, corresponding reaction energies ∆Ereact.
(energy of the change in geometry), and weight factors W react. used in the fitting of Pt-Pt
repulsive potential.
Reactions ∆Ereact. (kcal/mol) W react.
pt1-pt1 ⇒ pt1-pt1-dm0.5 127.34 1.0
pt1-pt1 ⇒ pt1-pt1-dm0.4 70.21 2.0
pt1-pt1 ⇒ pt1-pt1-dm0.3 33.76 3.0
pt1-pt1 ⇒ pt1-pt1-dm0.2 12.76 4.0
pt1-pt1 ⇒ pt1-pt1-dm0.1 2.71 5.0
Table B.5: Distorted geometries, corresponding reaction energies ∆Ereact. (energy of the
change in geometry), and weight factors W react. used in the fitting of Pt-Ti, and Pt-O
repulsive potentials.
Reactions ∆Ereact. (kcal/mol) W react.
pt1-ti1 ⇒ pt1-ti1-dm0.5 136.92 1.0
pt1-ti1 ⇒ pt1-ti1-dm0.4 77.94 2.0
pt1-ti1 ⇒ pt1-ti1-dm0.3 38.01 3.0
pt1-ti1 ⇒ pt1-ti1-dm0.2 14.46 4.0
pt1-ti1 ⇒ pt1-ti1-dm0.1 2.88 5.0
pt10-ti1 ⇒ pt10-ti1-dm0.3 13.55 1.0
pt10-ti1 ⇒ pt10-ti1-dm0.2 6.07 3.0
pt10-ti1 ⇒ pt10-ti1-dm0.1 1.51 5.0
pt10-ti1 ⇒ pt10-ti1-dp0.1 1.48 5.0
pt10-ti1 ⇒ pt10-ti1-dp0.2 5.76 3.0
pt10-ti1 ⇒ pt10-ti1-dp0.3 12.55 1.0
pt1-o1 ⇒ pt1-o1-dm0.5 342.03 1.0
pt1-o1 ⇒ pt1-o1-dm0.4 175.87 2.0
pt1-o1 ⇒ pt1-o1-dm0.3 79.50 3.0
pt1-o1 ⇒ pt1-o1-dm0.2 28.38 4.0
pt1-o1 ⇒ pt1-o1-dm0.1 5.71 5.0
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Table B.6: Reactions, corresponding reaction energies ∆Ereact. in kcal/mol, and weight
factorsW react. used in the fitting of Pt-Ti, and Pt-O repulsive potentials. Empirically reaction
energy of two reactions were shifted by -11 kcal/mol, the PBE-calculated values are listed
in parentheses.
Reactions ∆Ereact. W react.
pt1 + tio5h5 ⇒ pt1-vertex-tio5h5-dm0.1 -47.76 10.0
pt1 + tio5h5 ⇒ pt1-vertex-tio5h5 -49.04 30.0
pt1 + tio5h5 ⇒ pt1-vertex-tio5h5-dp0.1 -48.69 1.0
pt1 + ti2o10h8 ⇒ pt1-vertex-ti2o10h8-dm0.1 -66.21 10.0
pt1 + ti2o10h8 ⇒ pt1-vertex-ti2o10h8 -68.52 30.0
pt1 + ti2o10h8 ⇒ pt1-vertex-ti2o10h8-dp0.1 -66.69 1.0
pt1 + ti2o10h8 ⇒ pt1-middle-ti2o10h8-dm0.1 -75.80 10.0
pt1 + ti2o10h8 ⇒ pt1-middle-ti2o10h8 -77.52 30.0
pt1 + ti2o10h8 ⇒ pt1-middle-ti2o10h8-dp0.1 -76.30 1.0
pt4pyramid + tio5h5 ⇒ pt4-vertex-tio5h5-dm0.1 -48.08 10.0
pt4pyramid + tio5h5 ⇒ pt4-vertex-tio5h5 -48.77 30.0
pt4pyramid + tio5h5 ⇒ pt4-vertex-tio5h5-dp0.1 -48.17 1.0
pt4pyramid + tio5h5 ⇒ pt4-face-tio5h5-dm0.1 -90.95 10.0
pt4pyramid + tio5h5 ⇒ pt4-face-tio5h5 -92.72 30.0
pt4pyramid + tio5h5 ⇒ pt4-face-tio5h5-dp0.1 -91.46 1.0
pt4pyramid + ti2o10h8 ⇒ pt4-vertex-ti2o10h8-dm0.1 -77.99 10.0
pt4pyramid + ti2o10h8 ⇒ pt4-vertex-ti2o10h8 -80.22 30.0
pt4pyramid + ti2o10h8 ⇒ pt4-vertex-ti2o10h8-dp0.1 -78.61 1.0
pt4pyramid + ti2o10h8 ⇒ pt4-middle-ti2o10h8-dm0.1 -86.82 10.0
pt4pyramid + ti2o10h8 ⇒ pt4-middle-ti2o10h8 -88.39 30.0
pt4pyramid + ti2o10h8 ⇒ pt4-middle-ti2o10h8-dp0.1 -87.30 1.0
pt4pyramid + ti2o10h8 ⇒ pt4-face-ti2o10h8-dm0.1 -65.58 10.0
pt4pyramid + ti2o10h8 ⇒ pt4-face-ti2o10h8 -66.09 30.0
pt4pyramid + ti2o10h8 ⇒ pt4-face-ti2o10h8-dp0.1 -65.52 1.0
pt1-vertex-ti2o10h8 ⇒ pt1-middle-ti2o10h8 -18.00(-9.00) 100.0
pt4-vertex-ti2o10h8 ⇒ pt4-middle-ti2o10h8 -17.17(-8.17) 100.0
pt4-face-tio5h5 ⇒ pt4-vertex-tio5h5 43.95 1.0
pt4-face-ti2o10h8 ⇒ pt4-vertex-ti2o10h8 -14.13 1.0
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Table B.7: Additional constrains, and corresponding weight factors used in the fitting of
Pt-Ti, and Pt-O repulsive potentials.
Potentials Distances (Bohr) Energy (a.u.) Weights
Pt-Ti 5.102 -0.010358 150.0
Pt-Ti 5.480 -0.011554 150.0
Pt-Ti 5.858 -0.011155 150.0
Figure B.1: DFTB2 normalized binding energies ∆Ebind comparing to PBE normalized
binding energies ∆Ebind for ≈ 20,000 conformations of Pt10, Pt11, Pt12, and Pt13, clusters;












































Figure B.2: Band structures computed by DFTB2/ptVdB13 in comparison to the band
structures computed by PBE for Pt simple cubic (SC), body-centered cubic (BCC),










































Figure B.3: Band structures computed by DFTB2/ptVdB55 in comparison to the band
structures computed by PBE for Pt simple cubic (SC), body-centered cubic (BCC),











































Figure B.4: Band structures computed by DFTB2/ptShi in comparison to the band
structures computed by PBE for Pt simple cubic (SC), body-centered cubic (BCC),










































Figure B.5: Band structures computed by DFTB2/ptLee in comparison to the band
structures computed by PBE for Pt simple cubic (SC), body-centered cubic (BCC),











































Figure B.6: Band structures computed by DFTB2/ptα in comparison to the band
structures computed by PBE for Pt simple cubic (SC), body-centered cubic (BCC),










































Figure B.7: Band structures computed by DFTB2/ptκ in comparison to the band
structures computed by PBE for Pt simple cubic (SC), body-centered cubic (BCC),











































Figure B.8: Band structures computed by DFTB2/ptχ in comparison to the band
structures computed by PBE for Pt simple cubic (SC), body-centered cubic (BCC),
hexagonal closest packed (HCP), and face-centered cubic (FCC) unit cells.
Pt1 Pt2 Pt1a Pt2a
Pt3 Pt4 Pt2b Pt3a
Pt5 Pt6 Pt3b Pt3c
Pt7 Pt8 Pt4a Pt4b
Rutile Anatase
Figure B.9: Overlap of PBE-optimized structures (Pt in grey, Ti in green and O in red)
and DFTB/ptκ-tiorg optimized structures (in sky blue) for Pt1 to Pt8 clusters on the TiO2
rutile (110) surface, and Pt1 to Pt4 clusters on the TiO2 anatase (101) surface.
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Pt1 Pt2 Pt1a Pt2a
Pt3 Pt4 Pt2b Pt3a
Pt5 Pt6 Pt3b Pt3c
Pt7 Pt8 Pt4a Pt4b
Rutile Anatase
Figure B.10: Overlap of PBE-optimized structures (Pt in grey, Ti in green and O in red)
and DFTB/ptχ-tiorg optimized structures (in sky blue) for Pt1 to Pt8 clusters on the TiO2
rutile (110) surface, and Pt1 to Pt4 clusters on the TiO2 anatase (101) surface.
PBE (without constraint) DFTB2 (without constraint)























Figure B.11: Energy landscape in eV of Pt atom adsorption on the TiO2 rutile (110)
surface obtained at PBE and DFTB2/ptκ-tiorg methods. “Without constraint” refers to the
geometry optimization with the top two layers of TiO2 surface were fully optimized, “with
constrant” refers to the geometry optimization with only few selected Ti and O atoms nearby
the Pt single atom were optimized.
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PBE (without constraint) DFTB2 (without constraint)























Figure B.12: Energy landscape in eV of Pt atom adsorption on the TiO2 rutile (110)
surface obtained at PBE and DFTB2/ptχ-tiorg methods. “Without constraint” refers to the
geometry optimization with the top two layers of TiO2 surface were fully optimized, “with
constrant” refers to the geometry optimization with only few selected Ti and O atoms nearby
the Pt single atom were optimized.
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Figure B.13: Potential of mean force (PMF) of single Pt atom transport on the TiO2 rutile
(110) surface at three different temperatures computed by the steered molecular dynamics
(SMD) method with various pulling speed.
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T = 400 K
T = 600 K
T = 800 K
Figure B.14: Potential of mean force (PMF) of a nucleation of Pt6 from Pt5 and nearby
single Pt atom on the TiO2 rutile (110) surface at three different temperatures computed
by the steered molecular dynamics (SMD) method. An additional restraint was applied on
the Pt5 cluster to reduce its dynamic along the reaction coordinate, pulling speed v = 0.10
Å/ns.
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C Supporting Information for “The Fragment Molecu-
lar Orbital Method Based on Long-Range Corrected
Density-Functional Tight-Binding”
Electrostatic Dimer Approximation within FMO-LC-DFTB


















a −∆qIaδa∈I −∆qJa δa∈J , (2)
where δa∈I = 1 when atom a belongs to fragment I, and otherwise it is zero. The inter-
fragment charge transfer is short-ranged, so it is negligible if the inter-fragment distance
of two fragments is larger than a certain threshold. In these cases, the electrostatic dimer
(ES-DIM) approximation41,121 is used for saving computational time. The energy of the































































































where µ, α, ν, β ∈ IJ , µ⊙ν means µ and ν are in the same monomers (I or J), and µ⊘ν means
µ and ν are in different monomers. The orbital overlap Sµν is short-ranged, so Sµν ≈ 0 if µ
and ν belongs to two far separated fragments. On the other hand, assuming that molecular
orbitals are only localized on a fragment when the inter-fragment distance of two separated
fragments is large, ∆DIJµν ≈ 0 if µ and ν belongs to two different fragments. Consequently,
the contributions of the last four terms of Equation 3 can be neglected. The total energy of



































This expression is identical to that of the ES-DIM energy of the original FMO-DFTB.41
Coupled-Perturbed LC-DFTB Equation


























































































































The projection operator PXµν is included in H
0,X
µν .








µν = 0 (i 6= j) . (11)
The diagonal elements define the eigenvalue εXi . Following the standard analytic derivative






































































































































































































By combining eqs 12, 15, and 18 and collecting Ura,X terms, it is possible to write the






















































As in the case of the standard FMO, it is possible to avoid explicitly solving coupled-














































ij,kl + δXK (ik|lj)
lr,X + δXK (il|kj)lr,X , (24)
where ÃX,Kij,kl is the orbital rotation Hessian of the standard DFTB, we notice that the
difference between those of DFTB with and without long-range corrections is the two
additional terms of the long-range part in the diagonal (X = K) contribution.
As described in the original self-consistent Z-vector paper,230 the computation of this
term is facilitated using symmetrized Zµν . After solving the Z-vector equation, the response






























































and the response contribution can thus be computed without solving coupled-perturbed
equations for each derivative parameter.
LC-DFTB Hybrid Orbitals used for sp3 Carbon Atoms
LC-DFTB 4 4
1 0 0.52152787 0.00000000 0.00000000 0.85323425
0 1 0.52152784 0.40221915 0.69666272 -0.28441084
0 1 -0.52152808 0.80443699 0.00000000 0.28441097
0 1 -0.52152784 -0.40221915 0.69666272 0.28441084
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Table C. 1: Comparisons of mean square error (RMSE), mean absolute deviation (MAD),
maximum of absolute deviation (MAX) for bond lengths, angles and dihedral angles of α-
helix and extended form of COMe–(Ala)20–NHMe optimized by FMO(2,3)-LC-DFTB and
LC-DFTB.
Structures Methods Properties Bond length (Å) Angle (◦) Dihedral angle (◦)
α-helix
FMO2(nres=1) MSE 0.000 0.003 -0.043
MAD 0.000 0.057 0.691
MAX 0.003 0.425 10.413
FMO2(nres=2) MSE 0.000 0.001 -0.014
MAD 0.000 0.038 0.437
MAX 0.001 0.322 8.384
FMO3(nres=1) MSE 0.000 0.000 0.001
MAD 0.000 0.013 0.139
MAX 0.000 0.114 3.295
FMO3(nres=2) MSE 0.000 0.000 0.004
MAD 0.000 0.011 0.126
MAX 0.000 0.102 3.130
extended form
FMO2(nres=1) MSE 0.000 -0.005 -0.014
MAD 0.000 0.033 0.309
MAX 0.001 0.255 7.431
FMO2(nres=2) MSE 0.000 -0.002 -0.010
MAD 0.000 0.014 0.190
MAX 0.000 0.157 4.809
FMO3(nres=1) MSE 0.000 -0.002 -0.008
MAD 0.000 0.015 0.195
MAX 0.000 0.172 5.215
FMO3(nres=2) MSE 0.000 0.000 0.000
MAD 0.000 0.000 0.000




























































Figure C. 1: The root mean square error (RMSE) of FMO2-LC-DFTB total energy ∆Etot,
potential energy ∆Epot and kinetic energy ∆Ekin, versus time step from the simulations of
64 water cluster and Trp-cage protein.
Table C. 2: Comparisons for energies and geometries of Trp-cage and Chignolin optimized
by LC-DFTB and structures reoptimized by FMO2-LC-DFTB and FMO3-LC-DFTB.
Methods
∆E(kcal/mol) RMSD(Å)
Trp-cage Chignolin Trp-cage Chignolin
FMO2(nres=1) 1.140 0.699 0.033 0.026
FMO2(nres=2) -0.036 1.301 0.015 0.024
FMO3(nres=1) 0.830 0.204 0.003 0.026
FMO3(nres=2) 0.516 0.177 0.003 0.013
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Protonation Preparation for MD Simulation of the Trp-cage Protein
in the Gas Phase
For protonation state RCK: the N terminal was neutralized, residues Lys8, Aps9, and Arg16
were protonated, and residue Gln5 and C terminal were deprotonated. For protonation state
RDK: the N and C terminals were neutralized, residues Lys8 and Arg16 were protonated,
residues Gln5 and Asp9 was deprotonated. For protonation state RCQ: the N terminal
was neutralized, residues Gln5, Aps9, and Arg16 were protonated, and residue Lys8 and
C terminal were deprotonated. For protonation state RDQ: the N and C terminals
were neutralized, residues Gln5 and Arg16 were protonated, residues Lys8 and Asp9 was
deprotonated.
Cartesian Coordinates of 20-residue Polyalanine
α-helix
C -0.056 0.702 1.229
C 0.026 0.070 2.597
O 1.115 -0.093 3.137
H 0.948 0.960 0.893
H -0.659 1.607 1.285
H -0.506 0.002 0.527
N -1.121 -0.320 3.152
C -1.229 -0.818 4.529
C -0.302 -2.012 4.841
O 0.260 -2.079 5.930
C -2.697 -1.170 4.797
H -1.976 -0.142 2.649
H -0.946 -0.010 5.207
H -2.809 -1.501 5.831
H -3.023 -1.971 4.132
H -3.326 -0.292 4.643
N -0.076 -2.916 3.880
C 0.855 -4.036 4.043
C 2.324 -3.582 4.177
O 3.070 -4.145 4.975
C 0.666 -4.995 2.862
H -0.562 -2.820 3.004
H 0.600 -4.572 4.960
H 1.325 -5.857 2.986
H 0.912 -4.495 1.924
H -0.366 -5.347 2.828
N 2.733 -2.532 3.455
C 4.070 -1.952 3.580
C 4.227 -1.174 4.898
O 5.268 -1.270 5.544
C 4.348 -1.074 2.353
H 2.059 -2.034 2.892
H 4.804 -2.759 3.589
H 5.363 -0.680 2.413
H 3.648 -0.239 2.316
H 4.255 -1.667 1.443
N 3.178 -0.476 5.348
C 3.153 0.160 6.666
C 3.246 -0.872 7.808
O 4.006 -0.675 8.754
C 1.891 1.025 6.769
H 2.360 -0.399 4.755
H 4.022 0.815 6.751
H 1.891 1.553 7.723
H 0.999 0.400 6.712
H 1.874 1.756 5.960
N 2.543 -2.005 7.695
C 2.642 -3.114 8.644
C 4.039 -3.762 8.642
O 4.589 -4.028 9.709
C 1.540 -4.131 8.322
H 1.884 -2.093 6.930
H 2.465 -2.727 9.649
H 1.571 -4.943 9.050
H 1.686 -4.543 7.323
H 0.563 -3.648 8.373
N 4.654 -3.952 7.468
C 6.028 -4.444 7.358
C 7.049 -3.470 7.977
O 7.951 -3.901 8.693
C 6.330 -4.728 5.882
H 4.139 -3.777 6.613
H 6.104 -5.384 7.907
H 7.333 -5.146 5.790
H 6.275 -3.806 5.302
H 5.610 -5.446 5.487
N 6.881 -2.159 7.774
C 7.713 -1.133 8.403
C 7.542 -1.103 9.934
O 8.532 -1.010 10.658
C 7.387 0.221 7.763
H 6.153 -1.856 7.136
H 8.760 -1.363 8.198
H 8.032 0.990 8.189
H 6.346 0.486 7.950
H 7.557 0.172 6.686
N 6.313 -1.253 10.440
C 6.044 -1.364 11.873
C 6.660 -2.638 12.484
O 7.254 -2.577 13.559
C 4.528 -1.299 12.092
H 5.524 -1.273 9.802
H 6.498 -0.510 12.379
H 4.313 -1.332 13.161
H 4.040 -2.143 11.605
H 4.134 -0.370 11.680
N 6.594 -3.774 11.781
C 7.246 -5.016 12.197
C 8.782 -4.893 12.203
O 9.428 -5.344 13.147
C 6.765 -6.150 11.284
H 6.050 -3.784 10.925
H 6.935 -5.246 13.218
H 7.205 -7.093 11.610
H 7.062 -5.956 10.253
H 5.678 -6.230 11.334
N 9.370 -4.226 11.203
C 10.803 -3.938 11.164
C 11.238 -2.995 12.303
O 12.263 -3.234 12.938
C 11.149 -3.367 9.784
H 8.799 -3.921 10.422
H 11.349 -4.874 11.292
H 12.224 -3.191 9.721
H 10.624 -2.426 9.622
H 10.860 -4.077 9.007
N 10.439 -1.970 12.619
C 10.682 -1.083 13.756
C 10.578 -1.823 15.103
O 11.422 -1.625 15.977
C 9.705 0.096 13.673
H 9.634 -1.783 12.031
H 11.697 -0.690 13.679
H 9.904 0.793 14.489
H 8.677 -0.259 13.752
H 9.833 0.617 12.723
N 9.604 -2.726 15.260
C 9.480 -3.578 16.443
C 10.663 -4.554 16.583
O 11.192 -4.723 17.681
C 8.135 -4.312 16.377
H 8.902 -2.813 14.532
H 9.478 -2.942 17.329
H 8.006 -4.916 17.276
H 8.104 -4.963 15.503
H 7.321 -3.589 16.315
N 11.135 -5.144 15.479
C 12.326 -5.993 15.467
C 13.604 -5.206 15.818
O 14.424 -5.689 16.596
C 12.429 -6.671 14.096
H 10.631 -5.015 14.607
H 12.206 -6.770 16.223
H 13.287 -7.345 14.086
H 12.556 -5.923 13.313
H 11.524 -7.247 13.898
N 13.751 -3.975 15.315
C 14.857 -3.088 15.676
C 14.812 -2.675 17.160
O 15.845 -2.674 17.827
C 14.831 -1.872 14.742
H 13.075 -3.644 14.635
H 15.796 -3.620 15.516
H 15.677 -1.222 14.967
H 13.905 -1.312 14.878
H 14.902 -2.201 13.704
N 13.623 -2.393 17.705
C 13.440 -2.111 19.128
C 13.764 -3.332 20.010
O 14.423 -3.186 21.037
C 12.007 -1.610 19.346
H 12.809 -2.354 17.101
H 14.127 -1.313 19.415
H 11.869 -1.349 20.396
H 11.291 -2.386 19.075
H 11.827 -0.725 18.734
N 13.374 -4.541 19.591
C 13.733 -5.783 20.275
C 15.248 -6.058 20.227
O 15.834 -6.437 21.238
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C 12.921 -6.930 19.662
H 12.785 -4.602 18.767
H 13.454 -5.693 21.327
H 13.142 -7.857 20.193
H 13.178 -7.053 18.610
H 11.855 -6.717 19.748
N 15.903 -5.804 19.088
C 17.356 -5.912 18.957
C 18.098 -4.888 19.837
O 19.099 -5.232 20.460
C 17.724 -5.767 17.476
H 15.367 -5.544 18.267
H 17.662 -6.905 19.291
H 18.801 -5.894 17.356
H 17.438 -4.781 17.112
H 17.210 -6.530 16.891
N 17.585 -3.658 19.953
C 18.123 -2.648 20.865
C 17.926 -3.032 22.345
O 18.838 -2.855 23.150
C 17.479 -1.297 20.532
H 16.795 -3.405 19.370
H 19.198 -2.566 20.696
H 17.906 -0.524 21.170
H 16.402 -1.343 20.698
H 17.671 -1.044 19.488
N 16.776 -3.615 22.702
C 16.508 -4.132 24.047
C 17.370 -5.360 24.413
O 17.614 -5.604 25.592
C 15.010 -4.443 24.152
H 16.038 -3.690 22.011
H 16.746 -3.351 24.771
H 14.777 -4.773 25.165
H 14.743 -5.235 23.451
H 14.428 -3.549 23.925
N 17.863 -6.104 23.417
C 18.831 -7.189 23.584
C 20.304 -6.715 23.635
O 21.201 -7.539 23.820
C 18.589 -8.212 22.466
H 17.549 -5.903 22.476
H 18.632 -7.684 24.536
H 19.241 -9.074 22.612
H 18.809 -7.761 21.497
H 17.550 -8.543 22.483
N 20.567 -5.410 23.475
C 21.905 -4.826 23.487
H 19.786 -4.785 23.322
H 21.830 -3.740 23.424
H 22.473 -5.202 22.634
H 22.419 -5.104 24.408
Extended form
C 0.324 1.847 -1.405
C 0.476 0.723 -0.407
O 1.133 -0.269 -0.694
H 0.867 1.587 -2.313
H 0.735 2.762 -0.983
H -0.731 1.984 -1.636
N -0.137 0.882 0.763
C -0.148 -0.109 1.840
C -1.471 -0.057 2.626
O -2.184 0.946 2.586
C 1.060 0.142 2.755
H -0.696 1.709 0.909
H -0.053 -1.107 1.407
H 1.088 -0.607 3.547
H 0.988 1.134 3.203
H 1.981 0.074 2.175
N -1.786 -1.129 3.356
C -2.967 -1.242 4.211
C -2.669 -2.109 5.449
O -1.704 -2.873 5.457
C -4.123 -1.821 3.383
H -1.136 -1.901 3.390
H -3.254 -0.248 4.560
H -5.024 -1.885 3.994
H -3.862 -2.818 3.025
H -4.325 -1.174 2.528
N -3.506 -2.001 6.483
C -3.418 -2.785 7.716
C -4.820 -3.052 8.295
O -5.780 -2.366 7.946
C -2.529 -2.032 8.717
H -4.309 -1.395 6.397
H -2.956 -3.749 7.497
H -2.426 -2.614 9.633
H -2.972 -1.064 8.955
H -1.538 -1.878 8.287
N -4.931 -4.036 9.190
C -6.164 -4.396 9.889
C -5.860 -4.907 11.310
O -4.728 -5.291 11.605
C -6.913 -5.450 9.060
H -4.098 -4.531 9.475
H -6.798 -3.511 9.980
H -7.852 -5.711 9.549
H -6.302 -6.348 8.958
H -7.134 -5.051 8.069
N -6.872 -4.926 12.179
C -6.789 -5.432 13.550
C -8.128 -6.060 13.983
O -9.164 -5.802 13.371
C -6.382 -4.279 14.478
H -7.790 -4.648 11.864
H -6.023 -6.208 13.601
H -6.284 -4.641 15.502
H -7.136 -3.491 14.448
H -5.422 -3.870 14.159
N -8.105 -6.867 15.045
C -9.282 -7.504 15.637
C -9.118 -7.648 17.162
O -8.003 -7.576 17.678
C -9.499 -8.866 14.963
H -7.234 -7.000 15.538
H -10.160 -6.881 15.452
H -10.391 -9.345 15.368
H -8.636 -9.511 15.137
H -9.634 -8.729 13.889
N -10.224 -7.868 17.875
C -10.259 -8.093 19.320
C -11.398 -9.058 19.696
O -12.324 -9.266 18.911
C -10.412 -6.738 20.027
H -11.104 -7.969 17.389
H -9.317 -8.546 19.637
H -10.409 -6.880 21.109
H -11.350 -6.266 19.731
H -9.580 -6.085 19.758
N -11.337 -9.633 20.899
C -12.354 -10.530 21.451
C -12.455 -10.369 22.979
O -11.540 -9.841 23.612
C -12.005 -11.973 21.058
H -10.581 -9.384 21.520
H -13.326 -10.278 21.023
H -12.768 -12.656 21.434
H -11.038 -12.251 21.478
H -11.963 -12.059 19.971
N -13.556 -10.838 23.568
C -13.804 -10.830 25.010
C -14.637 -12.056 25.430
O -15.277 -12.691 24.591
C -14.507 -9.517 25.383
H -14.248 -11.308 23.002
H -12.850 -10.876 25.539
H -14.674 -9.476 26.460
H -15.467 -9.448 24.870
H -13.883 -8.669 25.094
N -14.639 -12.376 26.725
C -15.411 -13.469 27.316
C -15.858 -13.112 28.747
O -15.303 -12.204 29.365
C -14.558 -14.745 27.294
H -14.137 -11.786 27.373
H -16.308 -13.640 26.718
H -15.127 -15.581 27.702
H -13.655 -14.602 27.890
H -14.277 -14.983 26.266
N -16.847 -13.837 29.273
C -17.365 -13.685 30.633
C -17.829 -15.041 31.197
O -18.048 -15.988 30.441
C -18.510 -12.661 30.613
H -17.227 -14.604 28.737
H -16.572 -13.306 31.280
H -18.891 -12.509 31.624
H -19.320 -13.019 29.976
H -18.145 -11.707 30.230
N -17.991 -15.127 32.518
C -18.479 -16.311 33.227
C -19.302 -15.907 34.465
O -19.207 -14.773 34.933
C -17.278 -17.188 33.609
H -17.847 -14.301 33.081
H -19.131 -16.884 32.564
H -17.622 -18.092 34.112
H -16.612 -16.639 34.276
H -16.730 -17.474 32.710
N -20.093 -16.839 35.000
C -20.902 -16.660 36.206
C -21.005 -17.978 36.996
O -20.744 -19.052 36.455
C -22.286 -16.136 35.798
H -20.087 -17.768 34.604
H -20.426 -15.919 36.851
H -22.897 -15.965 36.686
H -22.786 -16.862 35.155
H -22.180 -15.192 35.261
N -21.400 -17.895 38.269
C -21.607 -19.038 39.158
C -22.753 -18.761 40.149
O -23.138 -17.610 40.350
C -20.290 -19.340 39.888
H -21.653 -16.991 38.642
H -21.882 -19.911 38.563
H -20.413 -20.210 40.534
H -19.995 -18.483 40.495
H -19.505 -19.553 39.161
N -23.283 -19.814 40.775
C -24.336 -19.743 41.789
C -24.157 -20.851 42.844
O -23.449 -21.829 42.606
C -25.700 -19.843 41.091
H -22.888 -20.729 40.609
H -24.278 -18.780 42.301
H -26.502 -19.761 41.826
H -25.785 -20.801 40.575
H -25.805 -19.033 40.367
N -24.809 -20.702 43.998
C -24.805 -21.673 45.093
C -26.156 -21.670 45.833
O -26.931 -20.721 45.713
C -23.643 -21.343 46.041
H -25.417 -19.904 44.115
H -24.648 -22.674 44.687
H -23.602 -22.073 46.850
H -23.779 -20.347 46.466
H -22.700 -21.374 45.493
N -26.428 -22.723 46.607
C -27.631 -22.871 47.427
C -27.320 -23.650 48.719
O -26.299 -24.332 48.805
C -28.714 -23.571 46.592
H -25.730 -23.446 46.708
H -27.997 -21.883 47.711
H -29.631 -23.665 47.175
H -28.374 -24.566 46.299
H -28.926 -22.985 45.697
N -28.208 -23.561 49.711
C -28.112 -24.273 50.986
C -29.511 -24.637 51.517
O -30.510 -24.059 51.089
C -27.340 -23.396 51.984
H -29.053 -23.028 49.562
H -27.558 -25.201 50.839
H -27.230 -23.922 52.933
H -27.877 -22.462 52.153
H -26.348 -23.175 51.590
N -29.578 -25.581 52.458
C -30.807 -26.019 53.120
C -30.529 -26.424 54.580
O -29.382 -26.675 54.950
C -31.412 -27.180 52.318
H -28.719 -25.981 52.807
H -31.523 -25.194 53.132
H -32.348 -27.502 52.776
H -30.717 -28.020 52.295
H -31.618 -26.855 51.297
N -31.579 -26.503 55.400
C -31.517 -26.926 56.800
C -32.802 -27.674 57.203
O -33.828 -27.548 56.537
C -31.284 -25.689 57.678
H -32.503 -26.338 55.027
H -30.676 -27.609 56.931
H -31.204 -25.983 58.725
H -32.116 -24.991 57.566
H -30.358 -25.194 57.381
N -32.745 -28.441 58.300
C -33.876 -29.207 58.820
H -31.870 -28.489 58.798
H -33.586 -29.746 59.723
H -34.214 -29.922 58.067
















RCK RDK RCQ RDQ
Figure C. 2: The root-mean-square deviations (RMSD) of backbone structure (consisting
of C, Cα, N, O atoms) of the Trp-cage protonation states RCK, RDK, RCQ and RDQ


























Figure C. 3: Averaged potential energy of the Trp-cage protonation states RCK, RDK,
RCQ and RDQ as a function of MD simulation time.
191
Optimal Cartesian Coordinates of RCK and RDK Protonation
States of the Trp-cage Protein
RCK
N -5.042 5.065 -2.397
C -5.125 3.865 -1.532
C -4.397 4.072 -0.214
O -4.712 3.412 0.805
C -4.506 2.586 -2.203
C -5.409 1.938 -3.226
N -5.856 2.690 -4.269
O -5.738 0.731 -3.101
H -6.188 3.669 -1.318
H -3.539 2.869 -2.705
H -4.273 1.840 -1.421
H -5.311 3.541 -4.538
H -6.374 2.230 -5.011
H -5.425 4.866 -3.328
H -4.060 5.343 -2.547
N -3.351 4.936 -0.192
C -2.353 4.942 0.910
C -2.136 3.513 1.390
O -1.724 2.647 0.590
C -2.643 5.989 2.017
C -1.340 6.733 2.425
C -0.224 5.738 2.811
C -0.868 7.645 1.273
H -3.059 5.429 -1.047
H -1.397 5.239 0.420
H -3.371 6.722 1.648
H -3.093 5.507 2.901
H -1.565 7.361 3.304
H -0.519 5.106 3.657
H 0.015 5.080 1.955
H 0.695 6.283 3.081
H -0.794 7.066 0.334
H -1.574 8.465 1.111
H 0.122 8.069 1.497
N -2.340 3.189 2.704
C -2.019 1.827 3.211
C -2.557 0.744 2.292
O -1.931 -0.337 2.163
C -2.564 1.670 4.651
C -2.230 0.353 5.350
C -1.228 -0.529 4.898
C -2.949 0.013 6.515
C -0.974 -1.736 5.566
C -2.688 -1.178 7.204
C -1.702 -2.058 6.725
O -1.448 -3.228 7.373
H -2.632 3.910 3.365
H -0.908 1.716 3.251
H -2.164 2.503 5.253
H -3.656 1.803 4.641
H -0.643 -0.288 3.996
H -3.723 0.687 6.880
H -0.196 -2.410 5.210
H -3.245 -1.433 8.105
H -2.010 -3.299 8.162
N -3.759 0.892 1.673
C -4.247 -0.254 0.862
C -3.230 -0.686 -0.180
O -3.174 -1.883 -0.560
C -5.604 0.025 0.146
C -6.587 0.788 1.070
C -6.186 -1.327 -0.317
C -6.946 -0.010 2.331
H -4.211 1.817 1.558
H -4.409 -1.105 1.559
H -5.400 0.660 -0.744
H -6.130 1.755 1.341
H -7.502 1.012 0.503
H -7.017 -1.194 -1.020
H -5.401 -1.936 -0.810
H -6.542 -1.894 0.560
H -7.416 -0.964 2.057
H -6.040 -0.249 2.918
H -7.636 0.549 2.969
N -2.491 0.278 -0.802
C -1.510 -0.076 -1.869
C -0.223 -0.708 -1.321
O 0.711 -1.018 -2.093
C -1.218 1.153 -2.768
C -1.030 0.759 -4.252
C -2.382 0.510 -4.895
N -3.153 1.595 -5.123
O -2.778 -0.654 -5.171
H -2.386 1.202 -0.345
H -1.993 -0.871 -2.480
H -2.051 1.886 -2.702
H -0.320 1.679 -2.396
H -0.527 1.579 -4.781
H -0.400 -0.139 -4.332
H -2.888 2.527 -4.708
H -4.103 1.494 -5.470
N -0.179 -0.917 0.020
C 0.793 -1.769 0.762
C 0.079 -3.079 1.112
O 0.329 -4.151 0.525
C 1.269 -1.043 2.048
C 2.024 0.251 1.802
C 2.956 0.534 0.815
C 1.924 1.439 2.618
C 2.811 2.397 2.057
C 1.190 1.770 3.784
N 3.420 1.823 0.968
C 2.966 3.686 2.614
C 1.337 3.045 4.329
C 2.214 3.998 3.746
H -1.005 -0.647 0.582
H 1.655 -1.974 0.102
H 0.378 -0.830 2.682
H 1.911 -1.742 2.623
H 3.342 -0.095 0.011
H 4.158 2.270 0.410
H 0.545 1.020 4.258
H 3.682 4.392 2.186
H 0.785 3.317 5.229
H 2.309 4.982 4.207
N -0.884 -3.003 2.077
C -1.521 -4.213 2.666
C -1.935 -5.237 1.609
O -1.667 -6.434 1.797
C -2.653 -3.803 3.644
C -3.715 -2.832 3.057
C -4.830 -3.526 2.245
C -4.351 -1.970 4.167
H -1.094 -2.086 2.500
H -0.744 -4.734 3.274
H -3.129 -4.705 4.049
H -2.166 -3.279 4.495
H -3.168 -2.142 2.380
H -4.408 -4.177 1.465
H -5.470 -4.133 2.894
H -5.459 -2.764 1.749
H -4.920 -2.586 4.870
H -3.582 -1.415 4.729
H -5.042 -1.235 3.716
N -2.628 -4.848 0.485
C -2.991 -5.889 -0.521
C -1.925 -6.038 -1.601
O -1.836 -7.064 -2.288
C -4.353 -5.598 -1.197
C -4.369 -4.198 -1.844
C -5.280 -4.073 -3.083
C -5.610 -2.599 -3.380
N -4.432 -1.699 -3.173
H -2.764 -3.861 0.236
H -3.057 -6.838 0.034
H -4.523 -6.370 -1.960
H -5.165 -5.686 -0.462
H -4.679 -3.444 -1.091
H -3.340 -3.922 -2.142
H -4.788 -4.535 -3.950
H -6.223 -4.614 -2.928
H -5.975 -2.463 -4.406
H -6.389 -2.240 -2.687
H -3.664 -1.794 -3.887
H -4.768 -0.695 -3.181
H -3.990 -1.883 -2.233
N -1.108 -4.952 -1.819
C 0.029 -5.066 -2.769
C 1.251 -5.664 -2.070
O 2.395 -5.207 -2.228
C 0.349 -3.721 -3.458
C -0.835 -2.950 -3.985
O -1.913 -2.821 -3.386
O -0.635 -2.329 -5.141
H -1.015 -4.260 -1.069
H -0.299 -5.796 -3.532
H 0.847 -3.042 -2.735
H 1.071 -3.892 -4.265
H -1.439 -1.743 -5.320
N 1.004 -6.749 -1.270
C 2.095 -7.519 -0.649
C 2.153 -7.461 0.863
O 3.073 -8.063 1.472
H 0.051 -7.124 -1.242
H 2.033 -8.572 -0.962
H 3.045 -7.123 -1.046
N 1.211 -6.763 1.544
C 1.246 -6.654 3.021
C 2.598 -6.147 3.497
O 2.966 -4.975 3.265
H 0.521 -6.185 1.049
H 0.451 -5.945 3.318
H 1.022 -7.633 3.476
N 3.410 -6.993 4.188
C 4.785 -6.571 4.588
C 5.557 -5.952 3.425
O 6.309 -4.977 3.591
C 5.450 -7.874 5.099
C 4.284 -8.828 5.434
C 3.150 -8.421 4.479
H 4.711 -5.828 5.399
H 6.078 -8.309 4.308
H 6.097 -7.689 5.964
H 4.567 -9.880 5.318
H 3.969 -8.685 6.476
H 3.180 -8.997 3.537
H 2.150 -8.548 4.920
N 5.464 -6.580 2.204
C 6.202 -6.055 1.020
C 5.638 -4.740 0.478
O 6.048 -4.272 -0.602
C 6.342 -7.144 -0.062
O 5.079 -7.651 -0.486
H 4.686 -7.235 2.017
H 7.217 -5.800 1.375
H 6.837 -6.720 -0.947
H 6.965 -7.975 0.322
H 4.540 -7.916 0.303
N 4.755 -4.072 1.273
C 4.383 -2.640 1.146
C 5.353 -1.891 0.250
O 4.932 -1.252 -0.731
C 4.349 -2.032 2.571
O 5.601 -2.192 3.231
H 4.427 -4.523 2.145
H 3.368 -2.554 0.700
H 4.126 -0.952 2.513
H 3.543 -2.522 3.154
H 5.771 -3.153 3.393
N 6.681 -1.852 0.602
C 7.705 -1.586 -0.435
C 7.313 -0.479 -1.406
O 7.354 -0.667 -2.638
H 6.969 -2.455 1.374
H 8.641 -1.293 0.063
H 7.901 -2.513 -0.998
N 7.048 0.749 -0.862
C 6.822 1.996 -1.628
C 6.477 3.104 -0.643
O 6.093 2.840 0.511
C 5.720 1.862 -2.717
C 4.362 1.341 -2.182
C 3.676 0.375 -3.174
N 4.587 -0.754 -3.495
C 4.403 -2.025 -3.063
N 3.182 -2.486 -2.747
N 5.475 -2.857 -3.087
H 6.907 0.849 0.146
H 7.761 2.280 -2.148
H 5.601 2.846 -3.203
H 6.100 1.167 -3.483
H 4.526 0.792 -1.236
H 3.680 2.183 -1.944
H 2.750 -0.039 -2.739
H 3.405 0.900 -4.105
H 5.583 -0.473 -3.542
H 2.385 -1.842 -2.623
H 3.035 -3.469 -2.460
H 6.386 -2.378 -3.095
H 5.451 -3.692 -2.491
N 6.639 4.387 -1.078
C 6.134 5.552 -0.306
C 4.644 5.408 -0.008
O 3.956 4.521 -0.542
C 6.397 6.777 -1.225
C 7.375 6.286 -2.313
C 7.134 4.771 -2.413
H 6.692 5.646 0.644
H 5.456 7.109 -1.685
H 6.795 7.630 -0.660
H 7.216 6.796 -3.270
H 8.412 6.480 -2.006
H 6.379 4.521 -3.185
H 8.047 4.202 -2.656
N 4.103 6.336 0.837
C 2.623 6.512 0.993
C 1.975 6.601 -0.391
O 2.190 7.584 -1.116
C 2.474 7.805 1.823
C 3.855 8.068 2.459
192
C 4.868 7.405 1.512
H 2.224 5.630 1.553
H 2.189 8.636 1.161
H 1.678 7.694 2.581
H 4.051 9.139 2.590
H 3.910 7.602 3.453
H 5.264 8.119 0.766
H 5.733 6.973 2.042
N 1.169 5.575 -0.811
C 0.771 5.507 -2.249
C -0.612 6.083 -2.519
O -1.398 6.378 -1.602
C 0.784 3.992 -2.606
C 1.261 3.252 -1.337
C 1.057 4.243 -0.179
H 1.522 6.068 -2.831
H -0.234 3.662 -2.897
H 1.441 3.790 -3.462
H 0.707 2.310 -1.187
H 2.336 2.991 -1.426
H 0.050 4.130 0.281
H 1.806 4.126 0.631
N -0.950 6.227 -3.841
C -2.392 6.231 -4.234
C -2.894 4.775 -4.361
C -2.634 7.039 -5.523
O -2.348 6.251 -6.684
O -3.918 4.545 -5.081
O -2.252 3.866 -3.722
H -0.322 5.829 -4.535
H -2.936 6.692 -3.390
H -3.688 7.374 -5.562
H -1.990 7.930 -5.558
H -2.883 5.431 -6.582
RDK
N -8.590 4.987 0.060
C -7.756 4.792 1.276
C -6.325 4.482 0.866
O -6.017 3.348 0.446
C -8.250 3.622 2.172
C -7.315 3.438 3.353
N -7.506 2.330 4.153
O -6.407 4.246 3.586
H -7.778 5.728 1.858
H -9.277 3.794 2.521
H -8.247 2.688 1.580
H -8.025 1.520 3.811
H -6.792 2.156 4.870
H -9.574 5.099 0.302
H -8.496 4.195 -0.575
N -5.374 5.454 0.993
C -3.967 5.191 0.592
C -3.465 3.862 1.150
O -2.661 3.158 0.505
C -3.029 6.323 1.079
C -3.549 7.736 0.701
C -2.599 8.827 1.231
C -3.756 7.882 -0.821
H -5.609 6.405 1.281
H -3.912 5.163 -0.522
H -2.911 6.266 2.171
H -2.021 6.138 0.638
H -4.535 7.852 1.198
H -2.402 8.690 2.300
H -1.646 8.791 0.688
H -3.036 9.820 1.083
H -2.787 8.060 -1.321
H -4.190 6.961 -1.246
H -4.417 8.724 -1.048
N -3.831 3.537 2.427
C -3.315 2.303 3.082
C -3.492 1.071 2.206
O -2.736 0.084 2.312
C -4.046 2.057 4.424
C -3.907 3.195 5.428
C -2.701 3.900 5.583
C -5.001 3.528 6.251
C -2.586 4.916 6.542
C -4.900 4.539 7.212
C -3.686 5.233 7.358
O -3.587 6.216 8.293
H -4.617 4.024 2.883
H -2.232 2.444 3.294
H -5.120 1.879 4.236
H -3.647 1.130 4.865
H -1.846 3.648 4.941
H -5.942 2.983 6.120
H -1.651 5.463 6.665
H -5.750 4.793 7.842
H -2.693 6.596 8.285
N -4.582 1.031 1.381
C -4.846 -0.199 0.594
C -3.693 -0.526 -0.339
O -3.529 -1.695 -0.754
C -6.215 -0.135 -0.145
C -7.320 0.416 0.796
C -6.580 -1.540 -0.666
C -7.441 -0.399 2.093
H -5.109 1.892 1.154
H -4.912 -1.036 1.327
H -6.121 0.557 -0.999
H -7.099 1.477 1.031
H -8.281 0.407 0.262
H -6.976 -2.153 0.165
H -7.341 -1.490 -1.450
H -5.685 -2.047 -1.058
H -7.832 -1.407 1.880
H -6.450 -0.537 2.557
H -8.101 0.099 2.820
N -2.833 0.472 -0.692
C -1.545 0.145 -1.375
C -1.001 -1.169 -0.828
O -0.650 -2.114 -1.568
C -0.531 1.284 -1.111
C 0.797 1.122 -1.876
C 0.687 1.304 -3.375
N 1.681 2.019 -3.970
O -0.249 0.807 -4.044
H -2.903 1.396 -0.233
H -1.715 0.053 -2.463
H -1.000 2.256 -1.374
H -0.325 1.322 -0.030
H 1.538 1.848 -1.491
H 1.231 0.113 -1.703
H 2.431 2.425 -3.399
H 1.695 2.155 -4.975
N -0.840 -1.242 0.525
C -0.189 -2.421 1.152
C -1.075 -3.654 1.125
O -0.559 -4.797 1.056
C 0.314 -2.049 2.572
C 1.334 -0.928 2.495
C 2.619 -1.011 1.987
C 1.122 0.458 2.837
C 2.328 1.146 2.521
C 0.022 1.179 3.362
N 3.216 0.227 2.011
C 2.461 2.537 2.727
C 0.158 2.551 3.561
C 1.365 3.227 3.246
H -1.263 -0.537 1.144
H 0.700 -2.662 0.527
H -0.539 -1.737 3.190
H 0.755 -2.951 3.044
H 3.152 -1.878 1.600
H 4.138 0.446 1.617
H -0.923 0.673 3.577
H 3.384 3.067 2.475
H -0.688 3.124 3.969
H 1.437 4.307 3.412
N -2.426 -3.489 1.167
C -3.323 -4.650 0.865
C -2.905 -5.310 -0.454
O -2.903 -6.537 -0.593
C -4.803 -4.202 0.800
C -5.480 -4.105 2.196
C -4.911 -2.948 3.042
C -7.011 -3.981 2.051
H -2.804 -2.560 0.940
H -3.202 -5.390 1.673
H -4.868 -3.232 0.265
H -5.361 -4.934 0.199
H -5.264 -5.050 2.726
H -5.224 -1.970 2.629
H -5.272 -3.007 4.074
H -3.814 -2.977 3.051
H -7.414 -4.810 1.460
H -7.495 -3.988 3.033
H -7.281 -3.033 1.545
N -2.564 -4.462 -1.482
C -2.125 -4.994 -2.795
C -0.607 -4.955 -2.970
O -0.095 -5.013 -4.099
C -2.850 -4.301 -3.974
C -2.844 -2.751 -3.880
C -2.306 -2.083 -5.165
C -0.840 -2.467 -5.419
N 0.017 -1.948 -4.317
H -2.564 -3.441 -1.353
H -2.406 -6.063 -2.787
H -2.335 -4.612 -4.897
H -3.883 -4.668 -4.038
H -3.858 -2.381 -3.676
H -2.217 -2.432 -3.022
H -2.913 -2.388 -6.029
H -2.391 -0.990 -5.078
H -0.737 -3.568 -5.433
H -0.473 -2.061 -6.371
H 1.023 -2.352 -4.273
H 0.068 -0.898 -4.327
H -0.395 -2.182 -3.376
N 0.161 -4.910 -1.834
C 1.642 -4.927 -1.888
C 2.246 -6.079 -1.099
O 3.435 -6.397 -1.261
C 2.270 -3.598 -1.386
C 2.426 -2.502 -2.467
O 2.472 -2.888 -3.709
O 2.559 -1.315 -2.097
H -0.290 -4.850 -0.909
H 1.906 -5.043 -2.958
H 1.683 -3.199 -0.540
H 3.283 -3.797 -0.993
N 1.443 -6.712 -0.176
C 2.014 -7.697 0.764
C 2.340 -7.112 2.124
O 3.235 -7.605 2.838
H 0.540 -6.282 0.063
H 1.334 -8.555 0.874
H 2.957 -8.066 0.315
N 1.636 -6.014 2.540
C 2.086 -5.234 3.716
C 3.590 -5.014 3.644
O 4.080 -4.314 2.726
H 0.916 -5.598 1.931
H 1.569 -4.255 3.686
H 1.808 -5.746 4.654
N 4.390 -5.573 4.586
C 5.875 -5.418 4.539
C 6.456 -5.638 3.141
O 7.413 -4.956 2.740
C 6.397 -6.463 5.556
C 5.208 -6.746 6.496
C 3.958 -6.533 5.628
H 6.134 -4.398 4.870
H 6.690 -7.383 5.031
H 7.279 -6.100 6.096
H 5.251 -7.756 6.922
H 5.211 -6.036 7.335
H 3.630 -7.470 5.143
H 3.104 -6.130 6.195
N 5.929 -6.670 2.403
C 6.445 -7.048 1.056
C 6.400 -5.917 0.037
O 6.892 -6.069 -1.100
C 5.678 -8.284 0.528
O 6.249 -8.744 -0.687
H 5.030 -7.085 2.695
H 7.507 -7.330 1.169
H 5.729 -9.103 1.263
H 4.600 -8.031 0.374
H 6.510 -7.951 -1.211
N 5.804 -4.744 0.405
C 5.942 -3.507 -0.393
C 7.382 -3.001 -0.489
O 7.842 -2.598 -1.576
C 5.100 -2.382 0.259
O 5.498 -2.152 1.609
H 5.447 -4.635 1.368
H 5.556 -3.694 -1.418
H 5.251 -1.435 -0.294
H 4.021 -2.644 0.222
H 5.155 -2.896 2.161
N 8.087 -2.859 0.669
C 9.265 -1.965 0.696
C 9.024 -0.636 -0.024
O 9.970 0.037 -0.438
H 7.739 -3.273 1.540
H 9.518 -1.758 1.745
H 10.136 -2.462 0.243
N 7.720 -0.178 -0.118
C 7.383 0.943 -1.029
C 6.200 1.727 -0.477
O 5.464 1.269 0.418
C 7.183 0.454 -2.498
C 6.016 -0.543 -2.685
C 6.267 -1.518 -3.858
N 5.286 -2.631 -3.892
C 5.551 -3.919 -3.595
N 6.819 -4.372 -3.430
N 4.515 -4.790 -3.565
H 6.945 -0.811 0.102
H 8.258 1.620 -1.034
H 7.040 1.340 -3.144
H 8.120 -0.027 -2.814
H 5.911 -1.132 -1.755
H 5.065 -0.012 -2.828
H 6.231 -0.983 -4.820
H 7.269 -1.963 -3.758
H 4.273 -2.395 -3.942
H 7.518 -3.654 -3.181
H 6.933 -5.237 -2.879
H 3.560 -4.372 -3.630
H 4.600 -5.692 -3.092
N 6.015 2.990 -0.966
C 5.044 3.940 -0.355
C 3.610 3.706 -0.814
O 3.323 2.986 -1.786
C 5.560 5.336 -0.791
C 6.339 5.075 -2.096
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C 6.901 3.651 -1.948
H 5.073 3.830 0.745
H 4.738 6.060 -0.923
H 6.233 5.742 -0.023
H 5.658 5.124 -2.956
H 7.129 5.818 -2.259
H 6.901 3.091 -2.902
H 7.941 3.648 -1.572
N 2.644 4.334 -0.075
C 1.219 4.388 -0.497
C 1.082 5.315 -1.700
O 2.073 5.918 -2.159
C 0.514 4.953 0.759
C 1.552 5.912 1.375
C 2.923 5.312 1.002
H 0.860 3.370 -0.759
H -0.458 5.444 0.533
H 0.320 4.129 1.472
H 1.449 6.925 0.941
H 1.426 5.993 2.464
H 3.624 6.088 0.636
H 3.399 4.789 1.856
N -0.155 5.497 -2.251
C -0.422 6.674 -3.148
C 0.023 7.931 -2.389
O -0.675 8.401 -1.478
C -1.947 6.643 -3.398
C -2.492 5.350 -2.747
C -1.405 4.882 -1.769
H 0.159 6.557 -4.078
H -2.401 7.521 -2.903
H -2.190 6.697 -4.466
H -3.441 5.541 -2.208
H -2.691 4.582 -3.507
H -1.621 5.237 -0.732
H -1.300 3.778 -1.719
N 1.230 8.480 -2.731
C 1.890 9.491 -1.865
C 3.048 10.107 -2.616
O 3.657 11.126 -1.980
C 2.367 8.868 -0.525
O 3.420 7.920 -0.721
O 3.425 9.736 -3.719
H 1.843 7.998 -3.389
H 1.151 10.276 -1.634
H 2.756 9.656 0.135
H 1.516 8.366 -0.014
H 3.078 7.183 -1.291
H 4.394 11.450 -2.528
Optimal Cartesian Coordinates of 1-Ethyl-3-MethylImidazolium Ni-
trate Ionic Liquid Clusters
1 ion pair
C -5.868 -2.601 7.057
N -7.193 -2.232 6.969
C -7.273 -0.893 7.034
N -6.028 -0.394 7.127
C -5.134 -1.446 7.158
C -5.679 1.033 7.272
C -6.901 1.858 7.674
C -8.343 -3.131 6.876
H -8.133 -4.057 7.417
H -8.560 -3.368 5.827
H -9.210 -2.611 7.327
H -8.184 -0.322 6.900
H -4.068 -1.297 7.259
H -5.553 -3.636 7.053
H -4.893 1.107 8.036
H -5.247 1.391 6.323
H -6.604 2.871 7.958
H -7.618 1.924 6.848
H -7.406 1.374 8.527
O -9.882 -0.928 8.126
N -9.332 -0.543 9.214
O -8.034 -0.507 9.239
O -9.984 -0.209 10.188
2 ion pairs
C -5.636 -3.224 5.990
N -4.764 -2.266 6.452
C -4.811 -1.208 5.632
N -5.694 -1.462 4.658
C -6.224 -2.714 4.857
C -6.102 -0.518 3.602
C -4.944 -0.144 2.672
C -3.904 -2.378 7.628
H -3.517 -3.398 7.709
H -4.469 -2.134 8.536
H -3.069 -1.662 7.505
H -4.237 -0.289 5.739
H -6.965 -3.140 4.194
H -5.768 -4.177 6.483
H -6.922 -0.988 3.043
H -6.491 0.381 4.111
H -5.324 0.400 1.802
H -4.230 0.514 3.199
H -4.411 -1.033 2.321
O -0.923 0.081 4.786
N -1.766 -0.587 5.427
O -2.126 -0.188 6.599
O -2.322 -1.600 4.934
C -2.285 4.490 4.445
N -2.224 3.119 4.406
C -2.334 2.648 5.656
N -2.446 3.684 6.495
C -2.425 4.849 5.766
C -2.650 3.557 7.951
C -1.814 2.413 8.528
C -2.178 2.274 3.217
H -1.958 2.878 2.334
H -3.157 1.772 3.100
H -1.415 1.491 3.357
H -2.275 1.599 5.967
H -2.513 5.824 6.226
H -2.230 5.099 3.553
H -2.398 4.519 8.417
H -3.728 3.369 8.108
H -2.085 2.231 9.572
H -1.984 1.486 7.954
H -0.745 2.646 8.487
O -5.336 2.820 6.846
N -5.433 1.840 6.083
O -4.603 1.710 5.103
O -6.299 0.941 6.254
3 ion pairs
C 3.085 -4.123 -3.539
N 1.719 -3.983 -3.475
C 1.367 -2.893 -4.172
N 2.469 -2.349 -4.703
C 3.559 -3.088 -4.311
C 2.497 -1.104 -5.493
C 3.021 0.066 -4.655
C 0.792 -4.866 -2.771
H 0.298 -5.540 -3.481
H 0.027 -4.247 -2.259
H 1.340 -5.458 -2.033
H 0.339 -2.572 -4.364
H 4.570 -2.831 -4.597
H 3.609 -4.926 -3.038
H 3.128 -1.268 -6.378
H 1.460 -0.912 -5.832
H 3.017 0.987 -5.245
H 2.380 0.212 -3.767
H 4.044 -0.124 -4.313
O -1.390 -2.631 -5.199
N -1.441 -1.384 -5.451
O -2.379 -0.689 -4.986
O -0.506 -0.848 -6.116
C -0.534 1.486 -4.267
N -1.650 2.259 -4.070
C -1.578 2.823 -2.858
N -0.444 2.417 -2.266
C 0.226 1.580 -3.125
C -0.050 2.708 -0.875
C -0.667 4.009 -0.368
C -2.768 2.383 -5.004
H -3.596 2.897 -4.492
H -3.071 1.374 -5.317
H -2.461 2.958 -5.886
H -2.351 3.450 -2.398
H 1.153 1.069 -2.865
H -0.392 0.877 -5.164
H -0.387 1.846 -0.263
H 1.047 2.734 -0.830
H -0.422 4.159 0.688
H -0.292 4.869 -0.932
H -1.767 3.977 -0.473
O -4.379 3.892 -2.910
N -4.625 3.434 -1.760
O -5.708 2.873 -1.497
O -3.693 3.474 -0.873
C -4.583 0.098 -1.609
N -3.413 -0.126 -0.928
C -2.886 -1.290 -1.342
N -3.689 -1.810 -2.280
C -4.755 -0.966 -2.466
C -3.443 -3.056 -3.025
C -2.643 -4.066 -2.201
C -2.838 0.759 0.084
H -3.121 0.419 1.087
H -3.216 1.788 -0.082
H -1.737 0.751 -0.007
H -1.935 -1.724 -1.022
H -5.536 -1.171 -3.185
H -5.177 1.010 -1.465
H -4.417 -3.468 -3.322
H -2.879 -2.800 -3.953
H -2.530 -4.998 -2.763
H -1.631 -3.676 -1.975
H -3.144 -4.295 -1.253
O -0.109 -0.259 -0.935
N 0.390 -1.259 -1.515
O 1.353 -1.118 -2.321
O -0.109 -2.413 -1.323
4 ion pairs
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C -0.415 5.441 6.930
N -0.014 4.334 6.220
C -1.079 3.810 5.606
N -2.159 4.542 5.910
C -1.771 5.571 6.733
C -3.536 4.215 5.493
C -3.770 4.434 3.998
C 1.331 3.770 6.148
H 2.068 4.518 6.449
H 1.513 3.440 5.112
H 1.394 2.894 6.808
H -1.053 2.920 4.982
H -2.471 6.301 7.115
H 0.273 6.042 7.509
H -3.702 3.149 5.753
H -4.224 4.823 6.096
H -4.727 3.974 3.702
H -3.783 5.498 3.744
H -2.978 3.946 3.396
O -1.228 -0.341 0.817
N -0.509 -0.173 -0.250
O 0.689 -0.521 -0.236
O -1.028 0.389 -1.239
C -3.379 -0.630 2.867
N -3.071 0.554 3.493
C -3.862 0.691 4.568
N -4.669 -0.374 4.643
C -4.389 -1.215 3.590
C -5.697 -0.595 5.673
C -6.161 0.731 6.276
C -2.042 1.493 3.058
H -2.508 2.426 2.658
H -1.438 1.007 2.264
H -1.385 1.760 3.904
H -3.832 1.520 5.279
H -4.927 -2.139 3.430
H -2.869 -0.933 1.952
H -6.535 -1.127 5.202
H -5.279 -1.257 6.449
H -5.341 1.214 6.819
H -6.486 1.410 5.475
H -6.991 0.569 6.968
O -0.272 1.183 6.520
N -1.506 0.917 6.490
O -2.352 1.817 6.804
O -1.914 -0.197 6.068
C 3.482 0.637 2.549
N 2.398 0.959 1.773
C 1.294 0.464 2.350
N 1.648 -0.180 3.470
C 3.009 -0.083 3.623
C 0.725 -0.846 4.407
C -0.419 -1.548 3.673
C 2.430 1.735 0.537
H 1.996 1.131 -0.274
H 3.462 2.003 0.300
H 1.818 2.648 0.673
H 0.271 0.515 1.964
H 3.530 -0.525 4.461
H 4.488 0.934 2.288
H 1.310 -1.560 5.002
H 0.326 -0.082 5.114
H -1.201 -1.825 4.387
H -0.864 -0.879 2.911
H -0.069 -2.451 3.163
O 0.334 3.774 1.402
N 0.134 3.728 2.638
O -0.601 4.574 3.214
O 0.650 2.781 3.332
C -4.368 1.630 -1.916
N -3.864 0.960 -0.829
C -2.984 1.751 -0.207
N -2.905 2.913 -0.865
C -3.762 2.866 -1.940
C -2.089 4.062 -0.434
C -2.596 4.618 0.899
C -4.242 -0.363 -0.346
H -3.372 -0.802 0.173
H -4.553 -0.999 -1.178
H -5.070 -0.250 0.381
H -2.419 1.477 0.682
H -3.876 3.694 -2.626
H -5.100 1.194 -2.581
H -1.044 3.731 -0.323
H -2.126 4.822 -1.226
H -1.893 5.355 1.298
H -3.580 5.084 0.787
H -2.691 3.802 1.646
O -5.807 2.167 3.526
N -5.501 1.776 2.362
O -6.049 0.768 1.857
O -4.561 2.372 1.732
5 ion pairs
C -0.558 -1.374 -0.058
N -0.967 -2.164 0.988
C -1.440 -1.377 1.965
N -1.347 -0.102 1.566
C -0.799 -0.069 0.309
C -1.875 1.052 2.313
C -1.406 1.047 3.768
C -0.933 -3.624 1.023
H -0.779 -4.014 -0.003
H -1.905 -3.991 1.405
H -0.128 -3.973 1.680
H -1.843 -1.714 2.909
H -0.615 0.881 -0.214
H -0.168 -1.806 -0.990
H -1.574 1.978 1.784
H -2.982 0.993 2.261
H -1.865 1.872 4.319
H -1.683 0.106 4.259
H -0.318 1.159 3.831
O 0.088 -3.002 -2.514
N -0.749 -3.932 -2.736
O -1.103 -4.702 -1.789
O -1.267 -4.057 -3.871
C -5.032 1.737 1.278
N -5.559 1.311 0.084
C -5.385 2.275 -0.834
N -4.760 3.309 -0.251
C -4.532 3.002 1.066
C -4.357 4.575 -0.896
C -4.898 4.693 -2.318
C -6.267 0.049 -0.122
H -7.285 0.131 0.278
H -5.746 -0.772 0.407
H -6.322 -0.170 -1.204
H -5.635 2.199 -1.895
H -4.019 3.680 1.734
H -5.021 1.104 2.157
H -4.718 5.400 -0.266
H -3.243 4.621 -0.896
H -4.596 5.650 -2.754
H -4.502 3.882 -2.958
H -5.992 4.638 -2.335
O -0.216 2.763 -0.473
N -1.109 3.646 -0.321
O -1.851 3.622 0.708
O -1.317 4.503 -1.220
C -0.931 1.094 -2.887
N -1.618 1.759 -3.874
C -1.876 0.900 -4.871
N -1.358 -0.294 -4.552
C -0.767 -0.204 -3.316
C -1.402 -1.506 -5.388
C 0.001 -2.087 -5.573
C -2.025 3.163 -3.833
H -1.724 3.669 -4.755
H -1.562 3.658 -2.960
H -3.128 3.219 -3.730
H -2.392 1.136 -5.790
H -0.301 -1.077 -2.842
H -0.614 1.592 -1.959
H -2.053 -2.255 -4.888
H -1.865 -1.235 -6.345
H 0.671 -1.363 -6.048
H 0.410 -2.366 -4.588
H -0.040 -2.986 -6.193
O -5.421 -2.677 1.146
N -4.399 -2.281 1.773
O -4.127 -1.047 1.835
O -3.630 -3.128 2.322
C -4.106 -3.480 -3.581
N -4.289 -4.764 -3.134
C -5.376 -4.799 -2.349
N -5.894 -3.559 -2.290
C -5.120 -2.717 -3.048
C -7.057 -3.155 -1.478
C -7.885 -2.080 -2.183
C -3.411 -5.900 -3.408
H -3.984 -6.832 -3.282
H -2.564 -5.872 -2.688
H -3.016 -5.827 -4.424
H -5.796 -5.694 -1.866
H -5.355 -1.652 -3.159
H -3.256 -3.199 -4.208
H -7.653 -4.054 -1.273
H -6.674 -2.776 -0.511
H -8.723 -1.771 -1.552
H -7.256 -1.195 -2.392
H -8.286 -2.451 -3.132
O -4.779 1.966 -3.771
N -5.009 0.721 -3.809
O -5.965 0.247 -3.118
O -4.268 -0.043 -4.475
C -6.371 -6.378 3.013
N -6.183 -7.596 2.390
C -5.246 -7.453 1.441
N -4.830 -6.180 1.443
C -5.516 -5.488 2.409
C -3.892 -5.585 0.474
C -2.931 -6.618 -0.111
C -6.913 -8.828 2.677
H -6.473 -9.648 2.103
H -7.965 -8.718 2.391
H -6.860 -9.062 3.746
H -4.890 -8.244 0.771
H -5.337 -4.427 2.570
H -7.083 -6.241 3.814
H -4.499 -5.136 -0.342
H -3.355 -4.757 0.986
H -2.336 -6.158 -0.923
H -2.242 -6.997 0.652
H -3.492 -7.471 -0.525
O -5.048 -9.031 -0.983
N -5.648 -8.086 -1.563
O -5.583 -7.919 -2.792
O -6.288 -7.224 -0.841
10 ion pairs
C 3.085 -4.709 4.858
N 2.505 -3.897 5.809
C 1.329 -3.464 5.342
N 1.134 -3.985 4.121
C 2.219 -4.761 3.792
C -0.076 -3.779 3.302
C 0.034 -4.440 1.933
C 3.033 -3.612 7.139
H 4.124 -3.548 7.106
H 2.734 -4.407 7.834
H 2.607 -2.653 7.493
H 0.652 -2.815 5.876
H 2.281 -5.304 2.841
H 4.049 -5.175 5.004
H -0.939 -4.196 3.873
H -0.232 -2.691 3.196
H -0.883 -4.259 1.337
H 0.901 -4.047 1.371
H 0.171 -5.531 2.031
O -2.624 -3.933 0.429
N -2.537 -2.696 0.156
O -3.375 -2.171 -0.649
O -1.641 -1.992 0.675
C -4.123 -5.193 2.713
N -5.453 -5.412 2.972
C -5.678 -5.208 4.274
N -4.517 -4.881 4.861
C -3.530 -4.857 3.904
C -4.310 -4.497 6.265
C -4.302 -2.970 6.405
C -6.442 -5.783 1.967
H -7.351 -6.140 2.456
H -6.010 -6.576 1.327
H -6.678 -4.890 1.355
H -6.622 -5.342 4.780
H -2.488 -4.629 4.152
H -3.710 -5.265 1.709
H -5.104 -4.949 6.874
H -3.334 -4.917 6.580
H -3.983 -2.681 7.416
H -3.589 -2.538 5.695
H -5.293 -2.553 6.194
O 1.922 -1.017 4.678
N 1.963 -0.324 5.733
O 2.186 0.911 5.682
O 1.735 -0.883 6.857
C 3.399 1.772 2.515
N 2.172 2.069 3.051
C 1.333 1.059 2.792
N 1.990 0.125 2.093
C 3.280 0.539 1.911
C 1.407 -1.142 1.620
C 2.467 -2.030 0.976
C 1.812 3.263 3.808
H 1.524 2.962 4.832
195
H 0.947 3.760 3.317
H 2.665 3.944 3.849
H 0.286 1.046 3.084
H 3.999 -0.054 1.361
H 4.245 2.438 2.601
H 0.940 -1.645 2.488
H 0.589 -0.899 0.911
H 2.045 -3.011 0.688
H 2.870 -1.535 0.073
H 3.294 -2.211 1.670
O -4.851 2.092 -1.781
N -4.069 2.951 -1.301
O -2.824 2.644 -1.162
O -4.466 4.075 -0.930
C -1.805 0.274 6.939
N -0.694 1.009 7.275
C -0.021 0.350 8.230
N -0.680 -0.779 8.521
C -1.798 -0.856 7.726
C -0.266 -1.787 9.519
C 1.245 -1.769 9.738
C -0.302 2.283 6.669
H -0.356 3.090 7.408
H -0.972 2.497 5.822
H 0.731 2.204 6.273
H 0.895 0.677 8.703
H -2.470 -1.718 7.749
H -2.495 0.599 6.171
H -0.804 -1.581 10.458
H -0.606 -2.773 9.146
H 1.531 -2.534 10.465
H 1.770 -1.972 8.787
H 1.577 -0.792 10.109
O 2.656 -5.177 0.523
N 2.167 -6.333 0.533
O 1.890 -6.931 -0.547
O 1.896 -6.895 1.645
C -3.375 0.714 2.406
N -2.775 0.710 1.170
C -3.678 0.326 0.257
N -4.837 0.079 0.880
C -4.679 0.319 2.222
C -6.075 -0.401 0.245
C -7.033 0.748 -0.081
C -1.372 1.011 0.915
H -0.812 0.072 0.733
H -0.947 1.512 1.799
H -1.270 1.666 0.020
H -3.497 0.243 -0.813
H -5.498 0.157 2.921
H -2.830 1.021 3.295
H -5.778 -0.948 -0.680
H -6.542 -1.134 0.935
H -7.927 0.364 -0.582
H -7.346 1.257 0.836
H -6.542 1.479 -0.742
O -4.224 -8.035 2.977
N -3.827 -8.177 1.798
O -4.572 -7.840 0.824
O -2.652 -8.597 1.556
C -3.950 1.004 -4.225
N -3.945 -0.109 -3.426
C -2.761 -0.188 -2.801
N -2.013 0.859 -3.175
C -2.729 1.616 -4.066
C -0.680 1.183 -2.640
C 0.081 2.167 -3.525
C -5.049 -1.045 -3.259
H -4.787 -2.008 -3.735
H -5.951 -0.635 -3.719
H -5.236 -1.232 -2.177
H -2.485 -0.972 -2.100
H -2.324 2.523 -4.496
H -4.808 1.283 -4.822
H -0.814 1.615 -1.615
H -0.116 0.241 -2.543
H 1.016 2.462 -3.017
H 0.339 1.707 -4.487
H -0.519 3.065 -3.718
O 3.196 0.379 -0.930
N 2.328 1.304 -0.995
O 2.538 2.326 -1.687
O 1.232 1.181 -0.355
C 2.204 -3.521 -1.994
N 1.588 -4.085 -3.084
C 1.433 -3.146 -4.028
N 1.943 -1.995 -3.569
C 2.429 -2.200 -2.303
C 1.902 -0.699 -4.267
C 3.188 0.099 -4.054
C 1.137 -5.471 -3.180
H 1.630 -5.972 -4.020
H 0.049 -5.481 -3.346
H 1.382 -5.997 -2.239
H 0.974 -3.294 -4.995
H 2.859 -1.384 -1.706
H 2.415 -4.090 -1.078
H 1.718 -0.896 -5.332
H 1.028 -0.136 -3.878
H 3.107 1.085 -4.520
H 3.372 0.240 -2.973
H 4.050 -0.419 -4.488
O -1.237 -4.486 6.031
N -0.984 -4.244 7.261
O -1.904 -3.840 8.022
O 0.192 -4.367 7.690
C -4.334 -4.396 -2.729
N -4.925 -4.503 -1.490
C -4.296 -5.468 -0.805
N -3.334 -5.990 -1.577
C -3.328 -5.328 -2.780
C -2.367 -7.018 -1.150
C -1.055 -6.374 -0.692
C -6.007 -3.656 -0.991
H -5.716 -2.588 -1.099
H -6.197 -3.867 0.078
H -6.925 -3.834 -1.563
H -4.553 -5.817 0.197
H -2.596 -5.511 -3.560
H -4.617 -3.639 -3.458
H -2.831 -7.594 -0.325
H -2.194 -7.702 -1.993
H -0.378 -7.130 -0.255
H -0.530 -5.910 -1.541
H -1.245 -5.590 0.064
O -1.235 2.308 3.837
N -1.713 3.363 3.299
O -0.922 4.212 2.785
O -2.948 3.535 3.238
C -2.370 6.839 0.259
N -2.989 5.767 0.853
C -2.276 4.665 0.595
N -1.217 4.998 -0.150
C -1.246 6.355 -0.370
C -0.149 4.075 -0.573
C 1.053 4.160 0.373
C -4.251 5.781 1.586
H -5.044 5.383 0.940
H -4.495 6.804 1.885
H -4.151 5.137 2.472
H -2.530 3.667 0.925
H -0.487 6.866 -0.946
H -2.762 7.845 0.323
H -0.574 3.044 -0.594
H 0.147 4.328 -1.601
H 1.813 3.436 0.052
H 1.492 5.164 0.349
H 0.749 3.942 1.413
O -6.737 -2.938 4.173
N -6.873 -2.275 3.102
O -6.705 -2.862 1.973
O -7.135 -1.055 3.131
C 0.303 -9.964 2.993
N 0.116 -9.117 1.930
C -0.355 -7.952 2.388
N -0.461 -8.021 3.721
C -0.061 -9.275 4.125
C -0.928 -6.942 4.613
C -2.249 -7.293 5.302
C 0.367 -9.406 0.522
H 0.823 -8.509 0.047
H -0.578 -9.642 0.018
H 1.046 -10.258 0.436
H -0.576 -7.082 1.775
H -0.067 -9.577 5.164
H 0.676 -10.972 2.873
H -0.144 -6.748 5.359
H -1.046 -6.019 4.012
H -2.590 -6.420 5.886
H -3.020 -7.546 4.553
H -2.125 -8.145 5.978
O -2.920 -2.624 -4.598
N -1.703 -2.816 -4.352
O -0.955 -1.831 -4.040
O -1.210 -3.982 -4.395
20 ion pairs
C 1.124 -3.999 4.772
N 1.815 -3.086 5.529
C 2.085 -3.635 6.725
N 1.584 -4.875 6.747
C 0.979 -5.127 5.545
C 1.655 -5.814 7.877
C 0.359 -6.616 8.022
C 2.158 -1.729 5.115
H 1.394 -1.363 4.403
H 3.139 -1.712 4.622
H 2.195 -1.061 6.003
H 2.634 -3.154 7.539
H 0.496 -6.073 5.331
H 0.774 -3.777 3.756
H 2.522 -6.486 7.701
H 1.885 -5.230 8.782
H 0.287 -7.042 9.027
H -0.509 -5.961 7.853
H 0.318 -7.449 7.303
O 4.222 -5.573 3.889
N 4.359 -6.550 4.689
O 3.709 -6.581 5.768
O 5.136 -7.502 4.396
C 3.412 -3.176 -2.617
N 3.934 -4.413 -2.900
C 5.245 -4.404 -2.615
N 5.567 -3.194 -2.133
C 4.440 -2.406 -2.129
C 6.900 -2.746 -1.689
C 7.251 -3.270 -0.296
C 3.201 -5.530 -3.491
H 3.496 -5.650 -4.540
H 2.115 -5.333 -3.428
H 3.441 -6.462 -2.940
H 5.914 -5.264 -2.681
H 4.457 -1.370 -1.793
H 2.358 -2.939 -2.757
H 7.643 -3.088 -2.434
H 6.881 -1.636 -1.699
H 8.272 -2.947 -0.025
H 6.548 -2.876 0.461
H 7.204 -4.368 -0.271
O -1.284 -1.482 1.614
N -0.410 -2.251 2.094
O 0.737 -1.815 2.394
O -0.699 -3.469 2.320
C 7.026 -6.335 7.410
N 6.073 -7.310 7.575
C 6.324 -8.306 6.712
N 7.423 -8.000 6.014
C 7.881 -6.773 6.423
C 7.938 -8.812 4.900
C 9.461 -8.831 4.808
C 4.935 -7.243 8.487
H 4.021 -6.986 7.911
H 5.107 -6.455 9.235
H 4.782 -8.216 8.969
H 5.752 -9.228 6.600
H 8.731 -6.277 5.955
H 7.016 -5.416 8.001
H 7.519 -9.831 5.012
H 7.507 -8.389 3.967
H 9.757 -9.495 3.978
H 9.860 -7.825 4.596
H 9.913 -9.209 5.730
O 7.358 -1.152 3.223
N 6.593 -0.166 3.387
O 6.847 0.943 2.855
O 5.504 -0.312 4.043
C -0.071 3.286 2.372
N 0.188 2.351 1.393
C -0.035 1.129 1.897
N -0.441 1.261 3.170
C -0.475 2.591 3.488
C -0.809 0.144 4.065
C -0.897 0.548 5.534
C 0.685 2.649 0.050
H 1.765 2.911 0.092
H 0.132 3.493 -0.372
H 0.556 1.767 -0.591
H 0.078 0.186 1.355
H -0.763 2.934 4.474
H 0.044 4.348 2.204
H -1.773 -0.271 3.702
H -0.041 -0.648 3.929
H -1.290 -0.301 6.117
H 0.103 0.814 5.923
H -1.564 1.407 5.667
O 0.646 -0.610 -0.564
N 1.010 -0.136 -1.685
O 2.222 -0.235 -2.043
O 0.165 0.418 -2.433
C 0.706 -2.518 10.188
N 1.685 -1.628 9.822
C 2.716 -1.750 10.669
N 2.412 -2.678 11.583
C 1.166 -3.184 11.301
C 3.300 -3.092 12.684
C 2.507 -3.613 13.883
C 1.646 -0.712 8.687
H 2.154 -1.161 7.807
H 2.174 0.219 8.949
H 0.609 -0.499 8.416
H 3.603 -1.127 10.669
H 0.716 -3.962 11.904
H -0.209 -2.621 9.617
H 3.974 -3.873 12.297
H 3.907 -2.214 12.956
H 3.185 -3.996 14.651
H 1.901 -2.816 14.328
196
H 1.835 -4.423 13.576
O 4.146 -2.928 8.853
N 4.537 -4.024 9.393
O 3.705 -4.742 9.995
O 5.741 -4.377 9.290
C 8.812 -6.336 1.356
N 7.621 -6.254 2.035
C 7.078 -7.478 2.103
N 7.900 -8.341 1.486
C 8.988 -7.654 1.012
C 7.709 -9.796 1.338
C 9.025 -10.538 1.572
C 7.070 -5.028 2.599
H 6.090 -5.234 3.071
H 6.931 -4.283 1.796
H 7.779 -4.616 3.349
H 6.139 -7.711 2.600
H 9.801 -8.168 0.493
H 9.442 -5.470 1.167
H 6.930 -10.125 2.057
H 7.328 -9.990 0.324
H 8.880 -11.617 1.469
H 9.789 -10.205 0.845
H 9.403 -10.333 2.588
O 3.611 3.153 -0.688
N 4.824 3.559 -0.513
O 5.727 3.103 -1.272
O 5.079 4.354 0.405
C 3.778 -10.462 7.506
N 3.232 -10.694 6.267
C 2.869 -11.978 6.194
N 3.174 -12.581 7.351
C 3.742 -11.651 8.193
C 2.911 -13.991 7.677
C 1.733 -14.532 6.866
C 3.061 -9.723 5.195
H 2.015 -9.351 5.215
H 3.247 -10.209 4.220
H 3.758 -8.882 5.328
H 2.407 -12.459 5.345
H 4.070 -11.900 9.192
H 4.153 -9.487 7.809
H 3.824 -14.577 7.483
H 2.704 -14.054 8.755
H 1.469 -15.541 7.195
H 0.861 -13.874 6.985
H 1.985 -14.568 5.800
O 4.035 -0.073 12.607
N 4.125 0.966 11.902
O 4.720 1.986 12.300
O 3.602 0.961 10.720
C 4.613 4.703 3.154
N 4.245 3.380 3.136
C 5.040 2.697 3.973
N 5.923 3.549 4.509
C 5.674 4.809 4.020
C 7.068 3.171 5.351
C 7.495 4.303 6.286
C 3.174 2.811 2.327
H 3.320 1.723 2.248
H 3.193 3.236 1.303
H 2.194 3.009 2.794
H 5.011 1.619 4.146
H 6.268 5.664 4.319
H 4.118 5.450 2.550
H 6.798 2.269 5.932
H 7.909 2.879 4.670
H 8.461 4.073 6.744
H 7.590 5.245 5.730
H 6.762 4.457 7.099
O 9.324 -4.715 4.758
N 10.455 -5.154 4.374
O 10.504 -6.143 3.589
O 11.517 -4.586 4.744
C 4.530 0.339 -4.986
N 4.930 0.852 -3.778
C 3.979 1.678 -3.320
N 2.983 1.717 -4.213
C 3.297 0.884 -5.260
C 1.729 2.474 -4.059
C 1.952 3.783 -3.300
C 6.193 0.582 -3.096
H 6.143 -0.389 -2.559
H 6.366 1.378 -2.354
H 7.010 0.541 -3.821
H 4.007 2.233 -2.373
H 2.637 0.741 -6.104
H 5.109 -0.409 -5.536
H 1.318 2.657 -5.061
H 1.013 1.822 -3.513
H 0.996 4.278 -3.107
H 2.450 3.588 -2.333
H 2.583 4.469 -3.875
O -0.326 -2.616 7.462
N -1.373 -3.045 6.916
O -2.239 -2.240 6.465
O -1.561 -4.299 6.789
C -2.768 -4.443 -1.738
N -2.492 -3.519 -0.764
C -1.494 -2.725 -1.183
N -1.128 -3.127 -2.411
C -1.905 -4.195 -2.780
C -0.062 -2.532 -3.239
C 0.399 -3.496 -4.330
C -3.189 -3.460 0.518
H -2.451 -3.471 1.349
H -3.853 -4.338 0.596
H -3.782 -2.535 0.597
H -1.029 -1.914 -0.616
H -1.771 -4.696 -3.730
H -3.524 -5.210 -1.583
H -0.434 -1.586 -3.665
H 0.783 -2.279 -2.574
H 1.210 -3.052 -4.914
H 0.767 -4.434 -3.865
H -0.424 -3.750 -5.008
O 9.699 -0.287 -0.573
N 10.376 -1.324 -0.784
O 11.554 -1.429 -0.340
O 9.869 -2.295 -1.440
C 4.333 -3.288 1.949
N 3.089 -3.281 1.377
C 2.916 -2.124 0.725
N 4.032 -1.388 0.871
C 4.935 -2.095 1.625
C 4.237 -0.038 0.309
C 5.707 0.249 0.012
C 2.125 -4.365 1.499
H 1.774 -4.688 0.502
H 1.245 -4.028 2.089
H 2.608 -5.200 2.027
H 2.024 -1.797 0.183
H 5.905 -1.693 1.914
H 4.691 -4.131 2.545
H 3.621 0.026 -0.611
H 3.837 0.701 1.033
H 5.800 1.216 -0.522
H 6.307 0.320 0.939
H 6.136 -0.534 -0.645
O 3.578 2.562 6.121
N 2.473 2.002 5.849
O 2.085 1.013 6.540
O 1.778 2.411 4.882
C -0.381 -6.573 2.618
N 0.518 -7.408 3.244
C -0.157 -8.259 4.029
N -1.463 -7.981 3.936
C -1.632 -6.939 3.053
C -2.548 -8.741 4.584
C -3.289 -9.617 3.570
C 1.964 -7.421 3.061
H 2.375 -6.398 3.089
H 2.224 -7.884 2.094
H 2.423 -8.013 3.865
H 0.298 -8.999 4.699
H -2.619 -6.548 2.792
H -0.069 -5.792 1.928
H -2.107 -9.356 5.397
H -3.248 -8.016 5.047
H -4.145 -10.107 4.043
H -3.648 -9.009 2.718
H -2.621 -10.397 3.164
O -1.479 -10.583 6.778
N -0.232 -10.613 6.756
O 0.401 -11.703 6.869
O 0.426 -9.524 6.584
C 11.679 2.509 0.713
N 11.338 1.375 1.408
C 10.002 1.296 1.478
N 9.480 2.358 0.852
C 10.504 3.134 0.366
C 8.054 2.719 0.815
C 7.748 3.722 1.931
C 12.274 0.404 1.964
H 11.953 0.149 2.986
H 13.283 0.825 1.969
H 12.251 -0.517 1.343
H 9.443 0.509 1.969
H 10.328 4.051 -0.179
H 12.707 2.783 0.521
H 7.806 3.134 -0.172
H 7.463 1.796 0.958
H 6.690 4.022 1.889
H 7.959 3.265 2.917
H 8.366 4.620 1.826
O 6.371 -6.236 -0.611
N 5.530 -7.166 -0.788
O 5.031 -7.335 -1.937
O 5.179 -7.902 0.177
C 4.069 -11.495 -0.552
N 3.903 -10.788 0.613
C 3.229 -9.666 0.336
N 2.947 -9.640 -0.972
C 3.466 -10.770 -1.553
C 2.259 -8.546 -1.676
C 1.341 -9.051 -2.787
C 4.375 -11.197 1.933
H 5.403 -10.823 2.121
H 4.387 -12.287 2.003
H 3.699 -10.790 2.707
H 2.923 -8.917 1.063
H 3.362 -10.968 -2.612
H 4.586 -12.445 -0.584
H 1.686 -7.961 -0.937
H 3.042 -7.869 -2.094
H 0.919 -8.193 -3.324
H 1.892 -9.684 -3.492
H 0.500 -9.636 -2.377
O -4.418 -5.981 2.139
N -4.432 -6.680 1.081
O -4.242 -7.927 1.138
O -4.579 -6.120 -0.044
C -5.987 -4.811 4.264
N -5.018 -5.206 5.152
C -3.967 -4.376 5.045
N -4.246 -3.465 4.106
C -5.496 -3.708 3.604
C -3.315 -2.411 3.674
C -4.011 -1.254 2.962
C -5.093 -6.364 6.039
H -4.817 -6.080 7.059
H -4.393 -7.147 5.688
H -6.109 -6.766 6.031
H -3.047 -4.408 5.654
H -5.929 -3.102 2.819
H -6.923 -5.341 4.156
H -2.775 -2.061 4.574
H -2.562 -2.875 2.994
H -3.275 -0.453 2.800
H -4.392 -1.572 1.979
H -4.840 -0.853 3.554
O 4.874 -12.407 4.589
N 5.864 -11.644 4.771
O 6.058 -11.127 5.920
O 6.630 -11.346 3.816
C 11.788 -5.707 -0.125
N 12.420 -6.153 1.012
C 12.314 -5.211 1.961
N 11.626 -4.176 1.459
C 11.278 -4.461 0.161
C 11.257 -2.951 2.195
C 9.740 -2.766 2.260
C 13.084 -7.448 1.145
H 14.090 -7.402 0.710
H 12.491 -8.217 0.603
H 13.160 -7.713 2.203
H 12.704 -5.262 2.971
H 10.724 -3.749 -0.463
H 11.723 -6.328 -1.030
H 11.685 -3.035 3.205
H 11.719 -2.085 1.673
H 9.493 -1.862 2.849
H 9.318 -2.657 1.246
H 9.253 -3.628 2.751
O 5.233 -2.276 -6.295
N 5.853 -2.763 -5.343
O 6.549 -2.015 -4.567
O 5.806 -4.012 -5.084
C 9.147 -2.754 7.717
N 9.708 -2.289 6.552
C 8.776 -2.297 5.592
N 7.629 -2.755 6.115
C 7.832 -3.049 7.442
C 6.391 -2.992 5.351
C 5.373 -3.795 6.153
C 11.113 -1.954 6.345
H 11.172 -1.120 5.628
H 11.626 -2.832 5.916
H 11.576 -1.678 7.296
H 8.924 -1.972 4.558
H 7.044 -3.468 8.080
H 9.710 -2.842 8.637
H 5.968 -2.005 5.044
H 6.674 -3.534 4.430
H 4.539 -4.108 5.509
H 5.839 -4.705 6.571
H 4.969 -3.203 7.001
O 10.222 -0.183 4.071
N 9.472 0.735 4.542
O 8.716 0.481 5.522
O 9.511 1.887 4.032
C 6.531 0.985 7.695
N 5.217 0.584 7.642
C 4.466 1.465 8.316
N 5.267 2.412 8.820
C 6.561 2.134 8.452
C 4.843 3.536 9.671
C 5.845 4.688 9.594
C 4.694 -0.595 6.966
H 5.163 -0.711 5.969
H 3.597 -0.475 6.845
H 4.876 -1.512 7.564
H 3.387 1.392 8.427
H 7.387 2.770 8.742
H 7.333 0.460 7.183
H 3.848 3.856 9.338
H 4.744 3.149 10.715
H 5.456 5.573 10.105
H 6.796 4.410 10.061
H 6.053 4.949 8.542
O 0.782 -11.000 0.743
N 0.626 -10.456 1.869
O 1.626 -10.168 2.586
O -0.539 -10.158 2.271
C -1.670 -10.148 -1.871
197
N -2.055 -9.204 -0.950
C -2.290 -9.816 0.220
N -2.074 -11.129 0.063
C -1.685 -11.365 -1.230
C -2.152 -12.143 1.128
C -3.060 -13.310 0.736
C -2.147 -7.769 -1.217
H -3.036 -7.342 -0.721
H -2.219 -7.613 -2.296
H -1.233 -7.259 -0.848
H -2.647 -9.337 1.132
H -1.445 -12.357 -1.589
H -1.435 -9.891 -2.895
H -1.128 -12.495 1.325
H -2.509 -11.634 2.041
H -3.051 -14.078 1.514
H -4.094 -12.976 0.594
H -2.715 -13.764 -0.201
O 9.716 -8.944 -1.919
N 10.870 -8.764 -1.463
O 11.680 -7.984 -2.059
O 11.212 -9.292 -0.360
C 10.236 -5.592 -3.152
N 8.893 -5.621 -3.426
C 8.523 -4.426 -3.916
N 9.605 -3.637 -3.968
C 10.685 -4.335 -3.493
C 9.613 -2.227 -4.392
C 10.655 -1.972 -5.483
C 8.000 -6.762 -3.220
H 8.571 -7.588 -2.758
H 7.589 -7.093 -4.180
H 7.162 -6.470 -2.554
H 7.513 -4.164 -4.263
H 11.670 -3.894 -3.429
H 10.774 -6.459 -2.731
H 8.592 -1.980 -4.728
H 9.829 -1.624 -3.493
H 10.689 -0.908 -5.736
H 11.650 -2.277 -5.140
H 10.419 -2.533 -6.394
O 0.235 -6.111 -2.569
N 0.623 -5.657 -1.458
O 0.479 -6.337 -0.401
O 1.167 -4.511 -1.405
30 ion pairs
C 4.395 -3.271 3.499
N 4.850 -2.696 2.335
C 5.886 -3.413 1.877
N 6.103 -4.434 2.719
C 5.185 -4.372 3.738
C 7.063 -5.539 2.525
C 8.491 -5.153 2.913
C 4.279 -1.498 1.718
H 4.092 -1.686 0.647
H 4.977 -0.636 1.838
H 3.335 -1.255 2.229
H 6.435 -3.217 0.953
H 5.141 -5.140 4.507
H 3.539 -2.880 4.053
H 6.714 -6.389 3.137
H 7.023 -5.835 1.455
H 9.157 -6.013 2.804
H 8.879 -4.346 2.270
H 8.552 -4.806 3.965
O 8.259 0.801 1.181
N 7.283 0.210 1.725
O 7.317 -1.024 1.928
O 6.252 0.887 2.058
C 0.942 4.706 -0.923
N -0.069 3.907 -0.450
C 0.428 3.085 0.485
N 1.739 3.331 0.612
C 2.089 4.338 -0.254
C 2.668 2.632 1.522
C 3.700 1.821 0.736
C -1.474 4.008 -0.828
H -2.019 4.535 -0.035
H -1.906 2.997 -0.948
H -1.555 4.565 -1.777
H -0.126 2.323 1.027
H 3.127 4.680 -0.353
H 0.783 5.466 -1.706
H 3.165 3.390 2.159
H 2.060 1.989 2.183
H 4.357 1.246 1.413
H 3.208 1.103 0.057
H 4.345 2.485 0.130
O 12.161 -2.426 3.193
N 12.264 -3.374 2.357
O 13.336 -3.507 1.682
O 11.300 -4.150 2.153
C 8.917 3.760 -0.749
N 7.705 3.202 -0.412
C 7.585 3.217 0.921
N 8.690 3.758 1.453
C 9.535 4.118 0.427
C 8.921 3.944 2.894
C 10.113 4.853 3.176
C 6.730 2.580 -1.303
H 5.797 2.411 -0.745
H 7.117 1.613 -1.675
H 6.514 3.216 -2.186
H 6.743 2.815 1.475
H 10.506 4.557 0.613
H 9.264 3.846 -1.786
H 7.997 4.374 3.319
H 9.067 2.950 3.379
H 10.069 5.236 4.219
H 11.075 4.316 3.039
H 10.112 5.730 2.508
O 5.089 4.644 -0.241
N 5.306 5.559 0.608
O 6.296 5.469 1.387
O 4.532 6.555 0.667
C -3.558 2.911 4.737
N -3.630 2.282 5.955
C -2.579 1.458 6.073
N -1.824 1.566 4.970
C -2.420 2.456 4.115
C -0.571 0.821 4.747
C 0.205 1.290 3.516
C -4.701 2.431 6.935
H -4.333 2.955 7.825
H -5.052 1.423 7.222
H -5.521 3.003 6.493
H -2.343 0.835 6.935
H -1.992 2.720 3.151
H -4.303 3.622 4.408
H 0.048 0.937 5.660
H -0.819 -0.258 4.651
H 1.060 0.604 3.351
H -0.419 1.300 2.609
H 0.603 2.315 3.665
O 6.010 0.485 -3.528
N 6.468 1.308 -4.361
O 7.210 0.917 -5.302
O 6.160 2.541 -4.275
C 7.725 -6.415 8.532
N 6.453 -6.757 8.145
C 5.968 -5.795 7.356
N 6.901 -4.836 7.223
C 8.012 -5.202 7.947
C 6.745 -3.567 6.478
C 8.075 -3.034 5.945
C 5.733 -7.971 8.516
H 5.919 -8.741 7.752
H 4.658 -7.734 8.557
H 6.082 -8.325 9.489
H 4.962 -5.772 6.956
H 8.894 -4.555 8.017
H 8.329 -7.048 9.168
H 6.038 -3.753 5.643
H 6.275 -2.831 7.163
H 7.931 -2.046 5.462
H 8.821 -2.917 6.753
H 8.497 -3.737 5.197
O 11.899 -2.603 9.464
N 10.675 -2.819 9.571
O 9.969 -3.003 8.504
O 10.103 -2.862 10.686
C 14.358 -4.867 7.773
N 14.343 -3.504 7.947
C 13.288 -2.999 7.296
N 12.625 -4.008 6.708
C 13.274 -5.184 6.988
C 11.394 -3.855 5.907
C 10.595 -5.152 5.811
C 15.297 -2.717 8.721
H 14.795 -2.272 9.588
H 15.694 -1.914 8.078
H 16.112 -3.361 9.061
H 13.047 -1.936 7.222
H 12.945 -6.153 6.597
H 15.119 -5.499 8.208
H 10.774 -3.076 6.405
H 11.671 -3.478 4.901
H 9.766 -5.016 5.090
H 11.229 -6.001 5.475
H 10.146 -5.403 6.784
O -1.186 4.411 2.110
N -0.506 4.616 3.154
O 0.744 4.333 3.145
O -1.037 5.069 4.190
C -4.701 6.795 -4.690
N -3.645 6.463 -5.507
C -3.199 5.246 -5.164
N -3.953 4.787 -4.156
C -4.892 5.734 -3.836
C -3.682 3.539 -3.425
C -4.848 3.087 -2.551
C -3.032 7.337 -6.504
H -2.205 7.888 -6.027
H -3.773 8.046 -6.882
H -2.637 6.738 -7.329
H -2.398 4.691 -5.672
H -5.607 5.584 -3.037
H -5.223 7.738 -4.772
H -3.419 2.761 -4.175
H -2.783 3.715 -2.801
H -4.540 2.184 -2.000
H -5.125 3.865 -1.830
H -5.731 2.846 -3.154
O 7.818 0.716 6.769
N 8.382 0.897 5.649
O 8.715 2.071 5.295
O 8.635 -0.082 4.895
C 1.872 7.497 5.954
N 2.728 7.316 7.016
C 2.549 6.079 7.505
N 1.600 5.467 6.786
C 1.162 6.326 5.811
C 1.116 4.082 6.945
C 1.686 3.153 5.870
C 3.718 8.287 7.480
H 4.684 7.771 7.657
H 3.382 8.763 8.408
H 3.852 9.054 6.697
H 3.093 5.631 8.327
H 0.375 6.027 5.108
H 1.821 8.428 5.381
H 1.399 3.708 7.952
H 0.020 4.098 6.887
H 1.253 2.147 6.004
H 1.421 3.512 4.854
H 2.788 3.082 5.942
O 3.844 -5.452 -1.467
N 4.048 -4.749 -0.423
O 4.610 -5.265 0.566
O 3.628 -3.557 -0.379
C -2.208 -2.399 4.015
N -2.709 -2.104 2.775
C -1.691 -1.851 1.942
N -0.544 -1.965 2.631
C -0.839 -2.308 3.927
C 0.811 -1.816 2.071
C 1.552 -3.158 2.069
C -4.129 -2.062 2.452
H -4.268 -1.636 1.455
H -4.636 -1.442 3.209
H -4.547 -3.075 2.478
H -1.774 -1.581 0.886
H -0.064 -2.469 4.675
H -2.859 -2.642 4.860
H 0.693 -1.436 1.040
H 1.372 -1.059 2.669
H 2.449 -3.105 1.430
H 1.870 -3.422 3.095
H 0.900 -3.960 1.685
O 8.352 8.842 -3.301
N 9.610 8.754 -3.106
O 10.362 8.369 -4.030
O 10.070 8.995 -1.951
C 11.776 3.604 6.788
N 10.461 3.890 7.077
C 9.869 2.777 7.529
N 10.778 1.792 7.553
C 11.975 2.275 7.085
C 10.522 0.400 7.977
C 10.984 -0.591 6.912
C 9.805 5.181 6.909
H 8.752 5.094 7.227
H 9.845 5.494 5.841
H 10.313 5.945 7.506
H 8.831 2.689 7.821
H 12.855 1.629 6.991
H 12.456 4.350 6.398
H 11.046 0.220 8.928
H 9.440 0.311 8.153
H 10.655 -1.615 7.188
H 10.550 -0.341 5.928
H 12.086 -0.578 6.828
O 14.992 0.571 5.040
N 14.884 -0.203 6.029
O 14.028 0.011 6.927
O 15.637 -1.231 6.107
C 5.420 -9.035 1.214
N 5.150 -8.102 0.249
C 3.839 -7.827 0.270
N 3.260 -8.558 1.235
C 4.228 -9.327 1.836
C 1.822 -8.555 1.576
C 1.604 -8.731 3.078
C 6.121 -7.419 -0.605
H 6.837 -8.138 -1.044
H 6.682 -6.667 -0.007
198
H 5.572 -6.888 -1.404
H 3.333 -7.119 -0.394
H 3.997 -9.991 2.659
H 6.420 -9.444 1.370
H 1.378 -7.603 1.227
H 1.337 -9.372 1.017
H 0.535 -8.799 3.297
H 2.098 -9.643 3.435
H 2.010 -7.878 3.630
O -2.831 2.233 -6.011
N -1.615 2.438 -6.314
O -0.756 1.533 -6.157
O -1.268 3.586 -6.727
C 0.949 10.445 -0.068
N 0.794 9.569 -1.118
C 1.059 8.329 -0.679
N 1.372 8.394 0.620
C 1.306 9.698 1.032
C 1.737 7.243 1.461
C 1.004 7.277 2.797
C 0.412 9.921 -2.487
H 0.047 9.020 -3.014
H 1.277 10.326 -3.025
H -0.377 10.679 -2.466
H 0.998 7.424 -1.289
H 1.513 9.975 2.075
H 0.783 11.509 -0.172
H 1.518 6.322 0.888
H 2.837 7.269 1.626
H 1.325 6.416 3.416
H 1.236 8.211 3.343
H -0.080 7.206 2.662
O 7.941 -4.955 -0.279
N 7.352 -4.309 -1.184
O 6.987 -3.115 -0.980
O 7.156 -4.840 -2.320
C 11.077 -7.444 -0.769
N 11.438 -6.128 -0.621
C 12.385 -6.040 0.326
N 12.635 -7.274 0.790
C 11.832 -8.166 0.123
C 13.571 -7.616 1.877
C 14.238 -8.973 1.652
C 10.842 -5.011 -1.346
H 11.331 -4.078 -1.044
H 9.767 -4.950 -1.090
H 10.947 -5.148 -2.440
H 12.848 -5.115 0.692
H 11.835 -9.231 0.336
H 10.298 -7.779 -1.468
H 14.311 -6.809 1.952
H 13.003 -7.629 2.847
H 14.691 -9.320 2.587
H 13.487 -9.711 1.341
H 15.009 -8.921 0.875
O 9.794 -10.203 -0.603
N 8.686 -9.742 -0.973
O 7.614 -10.105 -0.418
O 8.639 -8.863 -1.903
C 10.733 -9.131 3.395
N 9.964 -9.276 4.523
C 8.951 -10.110 4.252
N 9.052 -10.502 2.976
C 10.156 -9.906 2.415
C 8.094 -11.370 2.272
C 8.803 -12.381 1.373
C 10.192 -8.619 5.809
H 9.223 -8.478 6.306
H 10.687 -7.645 5.635
H 10.850 -9.232 6.438
H 8.177 -10.396 4.952
H 10.413 -10.054 1.363
H 11.626 -8.490 3.395
H 7.468 -11.861 3.030
H 7.440 -10.715 1.655
H 8.071 -13.030 0.882
H 9.365 -11.840 0.593
H 9.496 -13.007 1.946
O -4.554 -2.384 5.943
N -4.463 -1.137 6.036
O -4.678 -0.550 7.135
O -4.083 -0.452 5.026
C 8.285 6.430 -6.819
N 7.904 5.136 -7.102
C 7.604 4.518 -5.952
N 7.784 5.385 -4.944
C 8.209 6.586 -5.455
C 7.628 5.055 -3.518
C 7.006 6.187 -2.703
C 7.855 4.538 -8.435
H 8.861 4.509 -8.867
H 7.207 5.133 -9.086
H 7.452 3.506 -8.360
H 7.227 3.500 -5.840
H 8.425 7.450 -4.815
H 8.578 7.129 -7.589
H 6.984 4.146 -3.458
H 8.630 4.768 -3.125
H 6.981 5.913 -1.642
H 7.569 7.136 -2.816
H 5.968 6.364 -3.025
O 1.257 -1.213 5.736
N 2.432 -1.149 5.310
O 3.385 -1.650 5.992
O 2.680 -0.602 4.193
C 1.889 4.373 -4.122
N 3.219 4.020 -4.085
C 3.479 3.220 -5.132
N 2.349 3.051 -5.829
C 1.344 3.762 -5.226
C 2.195 2.257 -7.063
C 2.462 3.116 -8.303
C 4.182 4.464 -3.080
H 5.103 3.842 -3.135
H 3.752 4.393 -2.066
H 4.468 5.513 -3.261
H 4.458 2.808 -5.385
H 0.331 3.779 -5.638
H 1.428 5.044 -3.389
H 2.921 1.429 -7.025
H 1.168 1.852 -7.062
H 2.309 2.525 -9.211
H 1.792 3.981 -8.336
H 3.503 3.470 -8.291
O 9.562 8.422 3.483
N 10.590 7.789 3.854
O 11.545 7.608 3.043
O 10.622 7.278 5.011
C 8.022 -5.723 -5.375
N 8.394 -6.595 -4.384
C 7.295 -7.063 -3.781
N 6.220 -6.519 -4.368
C 6.644 -5.674 -5.363
C 4.824 -6.763 -3.971
C 4.320 -8.123 -4.462
C 9.764 -6.955 -4.030
H 10.371 -6.033 -3.892
H 10.212 -7.554 -4.830
H 9.748 -7.545 -3.095
H 7.300 -7.748 -2.929
H 5.944 -5.077 -5.949
H 8.763 -5.170 -5.958
H 4.777 -6.699 -2.864
H 4.198 -5.942 -4.376
H 3.281 -8.269 -4.154
H 4.359 -8.183 -5.555
H 4.922 -8.940 -4.050
O 5.012 5.463 6.833
N 6.119 5.648 7.467
O 6.858 4.675 7.728
O 6.434 6.821 7.796
C 10.932 -0.389 0.330
N 10.201 -1.281 1.078
C 10.175 -0.854 2.347
N 10.870 0.290 2.429
C 11.358 0.603 1.184
C 11.018 1.085 3.657
C 12.270 1.961 3.669
C 9.540 -2.471 0.559
H 10.202 -2.986 -0.154
H 8.594 -2.207 0.040
H 9.313 -3.162 1.386
H 9.654 -1.325 3.169
H 11.986 1.470 0.992
H 11.074 -0.511 -0.737
H 10.104 1.713 3.785
H 11.023 0.379 4.509
H 12.483 2.277 4.702
H 13.140 1.405 3.287
H 12.137 2.881 3.060
O 6.089 -6.968 5.100
N 6.679 -8.079 4.953
O 7.130 -8.692 5.967
O 6.842 -8.565 3.799
C 7.608 6.592 4.752
N 7.186 7.799 5.243
C 5.881 7.942 4.974
N 5.458 6.846 4.325
C 6.511 5.984 4.183
C 4.090 6.631 3.823
C 3.591 5.199 4.036
C 8.025 8.717 6.010
H 7.796 9.751 5.740
H 9.079 8.489 5.785
H 7.832 8.564 7.080
H 5.245 8.798 5.224
H 6.413 5.027 3.683
H 8.652 6.263 4.852
H 3.427 7.342 4.358
H 4.066 6.902 2.741
H 2.479 5.186 4.029
H 3.930 4.520 3.236
H 3.940 4.798 5.006
O -1.241 7.733 -4.066
N -0.680 6.731 -3.565
O -1.271 5.617 -3.508
O 0.496 6.840 -3.079
C 5.165 1.742 4.895
N 5.345 0.463 5.349
C 5.207 0.456 6.678
N 4.943 1.704 7.092
C 4.904 2.531 5.996
C 4.862 2.085 8.514
C 3.923 3.258 8.775
C 5.734 -0.690 4.550
H 6.764 -0.999 4.821
H 5.709 -0.412 3.481
H 5.032 -1.524 4.734
H 5.298 -0.409 7.328
H 4.754 3.616 6.093
H 5.252 1.978 3.841
H 4.539 1.181 9.065
H 5.882 2.335 8.846
H 4.027 3.592 9.811
H 4.175 4.105 8.109
H 2.862 2.981 8.616
O 0.749 -5.146 -4.094
N 1.650 -4.552 -4.750
O 2.562 -5.197 -5.325
O 1.651 -3.276 -4.785
C 5.232 -3.154 -7.730
N 5.950 -1.986 -7.614
C 5.783 -1.499 -6.375
N 4.963 -2.320 -5.705
C 4.611 -3.367 -6.520
C 4.459 -2.112 -4.334
C 4.647 -3.344 -3.450
C 6.766 -1.378 -8.661
H 6.797 -0.272 -8.514
H 6.344 -1.614 -9.642
H 7.796 -1.770 -8.605
H 6.233 -0.577 -5.986
H 3.905 -4.140 -6.182
H 5.205 -3.727 -8.647
H 4.966 -1.221 -3.918
H 3.374 -1.889 -4.413
H 4.151 -3.182 -2.473
H 4.192 -4.234 -3.926
H 5.715 -3.559 -3.247
O 13.794 2.344 0.218
N 14.522 2.047 -0.770
O 14.751 0.844 -1.059
O 15.014 2.975 -1.489
C 7.142 -2.784 9.630
N 6.818 -3.617 10.672
C 5.529 -3.432 10.994
N 5.019 -2.486 10.192
C 6.004 -2.070 9.326
C 3.615 -2.016 10.236
C 3.219 -1.233 8.991
C 7.720 -4.609 11.248
H 7.369 -4.905 12.240
H 8.734 -4.175 11.303
H 7.747 -5.493 10.584
H 5.001 -3.932 11.792
H 5.817 -1.313 8.566
H 8.153 -2.774 9.189
H 2.980 -2.916 10.345
H 3.489 -1.399 11.140
H 2.187 -0.838 9.104
H 3.900 -0.375 8.828
H 3.232 -1.866 8.081
O 3.208 -6.269 8.380
N 3.436 -5.517 9.361
O 4.633 -5.444 9.823
O 2.533 -4.800 9.851
C 16.534 0.166 1.409
N 15.520 -0.471 2.076
C 15.997 -0.965 3.224
N 17.299 -0.655 3.311
C 17.662 0.051 2.188
C 18.175 -1.004 4.445
C 19.237 0.069 4.684
C 14.136 -0.534 1.623
H 13.516 0.127 2.257
H 13.761 -1.572 1.694
H 14.095 -0.172 0.583
H 15.447 -1.541 3.959
H 18.671 0.416 2.044
H 16.360 0.634 0.443
H 17.515 -1.127 5.325
H 18.648 -1.976 4.236
H 19.924 -0.244 5.475
H 19.816 0.247 3.769
H 18.775 1.015 4.985
O -2.557 -0.928 -0.920
N -2.125 0.252 -0.733
O -1.067 0.424 -0.057
O -2.734 1.233 -1.235
C 12.293 7.321 -0.859
N 12.716 6.339 -1.717
C 13.455 5.452 -1.029
N 13.506 5.849 0.251
C 12.792 7.012 0.386
C 14.257 5.161 1.322
C 13.518 5.190 2.660
C 12.393 6.276 -3.140
H 13.313 6.364 -3.740
H 11.703 7.100 -3.402
H 11.916 5.304 -3.377
H 13.940 4.544 -1.419
H 12.645 7.495 1.352
H 11.632 8.130 -1.198
H 14.423 4.122 0.982
H 15.238 5.654 1.411
199
H 14.208 4.975 3.480
H 13.048 6.174 2.837
H 12.714 4.424 2.689
O 10.401 -4.010 -6.214
N 11.266 -3.697 -5.344
O 11.935 -2.622 -5.488
O 11.438 -4.414 -4.327
C 7.948 -2.334 -3.836
N 8.509 -1.157 -3.410
C 9.142 -0.582 -4.444
N 9.014 -1.374 -5.515
C 8.265 -2.471 -5.167
C 9.633 -1.138 -6.827
C 9.582 0.339 -7.225
C 8.430 -0.629 -2.051
H 7.972 -1.392 -1.396
H 7.809 0.286 -2.042
H 9.436 -0.386 -1.675
H 9.671 0.374 -4.430
H 8.072 -3.288 -5.854
H 7.368 -2.991 -3.174
H 10.685 -1.503 -6.759
H 9.113 -1.769 -7.568
H 10.281 0.529 -8.052
H 8.565 0.639 -7.540
H 9.880 0.971 -6.372
O -0.663 -5.323 3.826
N -0.735 -5.379 2.578
O -1.587 -4.674 1.948
O 0.073 -6.110 1.917
C 7.319 8.048 1.744
N 8.118 7.991 0.631
C 7.463 8.536 -0.404
N 6.260 8.949 0.034
C 6.145 8.655 1.369
C 5.187 9.522 -0.796
C 4.354 10.545 -0.019
C 9.452 7.404 0.595
H 10.003 7.801 -0.276
H 9.382 6.300 0.513
H 9.991 7.649 1.530
H 7.839 8.636 -1.434
H 5.248 8.902 1.940
H 7.649 7.670 2.710
H 5.645 9.969 -1.688
H 4.547 8.690 -1.133
H 3.455 10.820 -0.584
H 4.035 10.126 0.952
H 4.931 11.454 0.177
O 12.615 -7.247 4.721
N 13.173 -8.252 5.316
O 13.560 -9.219 4.622
O 13.265 -8.242 6.561
C -1.713 -0.943 -4.594
N -2.921 -0.885 -3.947
C -3.128 -2.044 -3.309
N -2.086 -2.853 -3.547
C -1.182 -2.190 -4.341
C -1.942 -4.222 -3.020
C -3.263 -4.989 -3.067
C -3.817 0.266 -3.905
H -3.773 0.729 -2.895
H -4.844 -0.048 -4.117
H -3.487 1.016 -4.654
H -3.994 -2.301 -2.715
H -0.226 -2.639 -4.640
H -1.331 -0.100 -5.185
H -1.146 -4.724 -3.600
H -1.573 -4.143 -1.974
H -3.149 -5.971 -2.598
H -4.045 -4.438 -2.531
H -3.595 -5.139 -4.100
O 1.833 10.004 4.045
N 3.086 9.881 3.980
O 3.614 9.482 2.890
O 3.807 10.086 4.991
C -0.127 -3.723 -0.477
N 0.820 -4.503 -1.102
C 1.582 -3.718 -1.875
N 1.153 -2.452 -1.759
C 0.090 -2.424 -0.884
C 1.775 -1.297 -2.434
C 3.072 -0.856 -1.739
C 0.936 -5.955 -0.974
H 0.321 -6.446 -1.738
H 0.602 -6.258 0.039
H 1.994 -6.243 -1.114
H 2.423 -4.043 -2.482
H -0.450 -1.507 -0.626
H -0.826 -4.134 0.267
H 1.993 -1.617 -3.475
H 1.040 -0.484 -2.473
H 3.743 -0.358 -2.450
H 2.874 -0.161 -0.905
H 3.603 -1.737 -1.332
O 10.740 2.070 -4.748
N 10.140 2.675 -3.808
O 10.521 3.845 -3.468
O 9.190 2.131 -3.206
C 13.616 -0.226 -4.867
N 13.182 0.326 -6.045
C 13.148 1.659 -5.906
N 13.554 1.971 -4.669
C 13.853 0.814 -3.996
C 13.580 3.342 -4.134
C 14.285 4.295 -5.102
C 12.835 -0.414 -7.255
H 12.424 -1.400 -6.952
H 13.722 -0.559 -7.884
H 12.067 0.137 -7.818
H 12.836 2.370 -6.658
H 14.207 0.812 -2.958
H 13.678 -1.301 -4.734
H 12.524 3.669 -3.960
H 14.089 3.319 -3.148
H 14.200 5.331 -4.740
H 15.348 4.050 -5.198
H 13.825 4.242 -6.097
O 5.476 3.049 -7.303
N 5.765 1.861 -7.632
O 6.836 1.633 -8.277
O 4.985 0.913 -7.339
C -1.847 -3.164 7.057
N -1.285 -2.199 7.857
C 0.040 -2.399 7.909
N 0.338 -3.468 7.158
C -0.819 -3.963 6.611
C 1.694 -3.993 6.917
C 1.881 -4.426 5.461
C -2.009 -1.106 8.506
H -1.573 -0.135 8.187
H -1.925 -1.189 9.595
H -3.069 -1.139 8.208
H 0.747 -1.761 8.444
H -0.818 -4.799 5.915
H -2.915 -3.171 6.820
H 2.410 -3.187 7.184
H 1.875 -4.845 7.601
H 2.769 -5.059 5.363
H 1.003 -4.985 5.098
H 2.019 -3.549 4.797
O 0.504 0.126 9.370
N 0.430 1.263 8.828
O -0.318 1.422 7.801
O 1.088 2.232 9.282
50 ion pairs
C 9.243 4.014 -3.669
N 8.185 3.865 -2.807
C 7.913 2.558 -2.678
N 8.773 1.871 -3.439
C 9.613 2.751 -4.073
C 8.815 0.407 -3.572
C 10.251 -0.111 -3.499
C 7.469 4.937 -2.122
H 7.869 5.075 -1.090
H 6.402 4.668 -2.066
H 7.586 5.882 -2.685
H 7.117 2.131 -2.053
H 10.413 2.405 -4.735
H 9.666 4.996 -3.905
H 8.189 -0.019 -2.777
H 8.348 0.133 -4.548
H 10.279 -1.173 -3.794
H 10.890 0.452 -4.207
H 10.668 -0.009 -2.492
O 12.439 -7.932 -5.703
N 12.158 -6.730 -5.973
O 13.105 -5.926 -6.291
O 10.979 -6.319 -5.944
C 14.061 -7.314 -2.424
N 14.036 -6.786 -1.155
C 13.838 -5.464 -1.242
N 13.734 -5.136 -2.536
C 13.872 -6.269 -3.297
C 13.347 -3.805 -3.033
C 13.922 -3.512 -4.416
C 14.208 -7.570 0.064
H 13.512 -7.228 0.835
H 15.245 -7.470 0.430
H 14.009 -8.630 -0.183
H 13.784 -4.772 -0.414
H 13.802 -6.241 -4.385
H 14.186 -8.382 -2.583
H 12.235 -3.777 -3.049
H 13.694 -3.059 -2.295
H 13.571 -2.526 -4.774
H 15.027 -3.490 -4.378
H 13.606 -4.282 -5.148
O 17.857 -0.907 -5.870
N 18.658 0.022 -6.115
O 19.298 0.573 -5.158
O 18.819 0.454 -7.295
C 9.618 -0.955 -6.488
N 8.808 -1.457 -7.472
C 8.391 -0.444 -8.242
N 8.914 0.698 -7.767
C 9.684 0.405 -6.674
C 8.707 2.040 -8.338
C 9.554 3.095 -7.631
C 8.472 -2.865 -7.642
H 7.855 -2.979 -8.554
H 7.918 -3.240 -6.759
H 9.404 -3.444 -7.739
H 7.727 -0.555 -9.103
H 10.237 1.158 -6.107
H 10.061 -1.574 -5.710
H 8.958 1.984 -9.410
H 7.628 2.297 -8.273
H 9.195 4.100 -7.903
H 9.486 2.987 -6.536
H 10.617 3.003 -7.916
O 11.060 -5.298 0.849
N 10.530 -4.971 -0.256
O 11.239 -4.872 -1.290
O 9.294 -4.710 -0.305
C 19.711 -0.755 -1.325
N 20.044 0.418 -0.688
C 20.813 1.147 -1.506
N 20.990 0.468 -2.647
C 20.310 -0.715 -2.566
C 21.806 0.942 -3.775
C 21.447 2.391 -4.110
C 19.635 0.829 0.648
H 20.459 1.376 1.143
H 19.398 -0.069 1.239
H 18.739 1.488 0.592
H 21.201 2.137 -1.295
H 20.340 -1.457 -3.372
H 19.107 -1.536 -0.846
H 22.865 0.852 -3.491
H 21.619 0.276 -4.626
H 22.139 2.807 -4.856
H 20.419 2.437 -4.529
H 21.478 3.022 -3.201
O 17.538 -2.719 -0.209
N 16.546 -3.456 -0.546
O 16.707 -4.675 -0.785
O 15.394 -2.936 -0.650
C 13.185 -1.649 2.898
N 12.715 -1.805 1.615
C 13.637 -1.350 0.757
N 14.683 -0.898 1.463
C 14.425 -1.066 2.802
C 15.898 -0.307 0.890
C 16.457 0.792 1.791
C 11.394 -2.311 1.271
H 11.315 -3.396 1.523
H 11.214 -2.176 0.202
H 10.627 -1.767 1.859
H 13.584 -1.381 -0.328
H 15.124 -0.755 3.581
H 12.600 -1.965 3.766
H 16.641 -1.122 0.722
H 15.629 0.108 -0.102
H 17.164 1.432 1.228
H 15.651 1.432 2.164
H 16.993 0.369 2.664
O 10.900 -0.712 -11.858
N 10.352 -0.289 -10.797
O 9.333 0.442 -10.847
O 10.858 -0.590 -9.670
C 21.338 -2.134 1.568
N 21.868 -1.949 2.822
C 20.865 -1.811 3.698
N 19.704 -1.896 3.033
C 19.969 -2.098 1.699
C 18.376 -1.635 3.607
C 17.297 -2.522 2.992
C 23.297 -1.896 3.122
H 23.443 -1.486 4.124
H 23.802 -1.256 2.375
H 23.728 -2.904 3.080
H 20.952 -1.695 4.774
H 19.182 -2.243 0.949
H 21.958 -2.209 0.669
H 18.443 -1.772 4.699
H 18.135 -0.555 3.441
H 16.305 -2.210 3.368
H 17.304 -2.438 1.887
H 17.447 -3.578 3.270
O 16.185 -1.400 7.162
N 15.935 -1.306 5.918
O 16.389 -0.341 5.247
O 15.259 -2.209 5.351
C 16.361 -4.563 6.908
N 17.034 -5.588 6.297
200
C 17.410 -6.470 7.232
N 16.997 -6.034 8.427
C 16.339 -4.843 8.256
C 17.106 -6.793 9.683
C 17.427 -5.893 10.874
C 17.263 -5.751 4.864
H 16.502 -6.422 4.448
H 18.271 -6.175 4.708
H 17.201 -4.775 4.358
H 17.961 -7.385 7.047
H 15.883 -4.299 9.090
H 15.933 -3.722 6.350
H 16.133 -7.305 9.839
H 17.875 -7.578 9.530
H 17.503 -6.485 11.791
H 18.378 -5.356 10.727
H 16.631 -5.140 11.007
O 5.768 -4.951 -3.805
N 6.306 -5.436 -4.854
O 6.613 -4.675 -5.817
O 6.547 -6.668 -4.915
C 5.318 -0.028 2.853
N 4.745 0.138 4.092
C 4.238 1.377 4.169
N 4.473 2.007 3.010
C 5.145 1.156 2.170
C 4.090 3.399 2.704
C 2.916 3.841 3.577
C 4.692 -0.863 5.156
H 4.293 -0.391 6.069
H 5.699 -1.272 5.344
H 4.033 -1.709 4.854
H 3.704 1.802 5.029
H 5.412 1.428 1.144
H 5.785 -0.968 2.551
H 4.980 4.050 2.861
H 3.838 3.442 1.632
H 2.577 4.840 3.288
H 2.082 3.130 3.460
H 3.198 3.857 4.644
O 12.346 2.879 0.566
N 12.546 1.646 0.765
O 12.609 1.198 1.936
O 12.719 0.864 -0.225
C 10.212 -8.998 4.174
N 9.852 -8.435 2.974
C 10.131 -7.125 3.010
N 10.680 -6.840 4.200
C 10.737 -7.987 4.949
C 11.008 -5.481 4.669
C 11.983 -4.744 3.751
C 9.260 -9.154 1.848
H 10.008 -9.268 1.042
H 8.397 -8.586 1.476
H 8.938 -10.155 2.189
H 9.992 -6.406 2.202
H 11.171 -7.998 5.951
H 10.080 -10.068 4.371
H 10.043 -4.925 4.732
H 11.423 -5.567 5.694
H 12.162 -3.725 4.149
H 12.941 -5.270 3.687
H 11.559 -4.641 2.728
O 13.347 -10.163 -1.366
N 12.127 -10.217 -0.962
O 11.371 -11.130 -1.418
O 11.711 -9.400 -0.124
C 5.195 5.201 -4.286
N 5.031 4.218 -5.228
C 5.925 4.401 -6.209
N 6.660 5.481 -5.915
C 6.224 6.004 -4.722
C 7.707 6.059 -6.774
C 8.825 6.690 -5.950
C 4.044 3.149 -5.146
H 3.056 3.523 -5.439
H 4.001 2.779 -4.097
H 4.341 2.318 -5.810
H 6.074 3.780 -7.089
H 6.701 6.868 -4.260
H 4.607 5.233 -3.378
H 8.089 5.249 -7.426
H 7.229 6.802 -7.432
H 9.612 7.095 -6.604
H 8.450 7.509 -5.318
H 9.292 5.952 -5.274
O 17.437 4.234 2.130
N 18.184 3.759 1.248
O 19.447 3.816 1.371
O 17.688 3.165 0.233
C 13.062 3.653 -3.415
N 13.996 4.364 -4.121
C 14.649 5.178 -3.283
N 14.158 4.997 -2.047
C 13.167 4.048 -2.100
C 14.610 5.696 -0.827
C 14.898 4.724 0.318
C 14.226 4.273 -5.557
H 13.521 4.940 -6.086
H 14.074 3.225 -5.898
H 15.259 4.582 -5.780
H 15.463 5.836 -3.567
H 12.645 3.710 -1.195
H 12.414 2.923 -3.904
H 15.508 6.269 -1.089
H 13.832 6.431 -0.523
H 15.226 5.285 1.200
H 13.992 4.147 0.591
H 15.703 4.019 0.040
O 21.408 -8.262 -2.186
N 21.507 -8.039 -0.915
O 20.694 -8.588 -0.140
O 22.381 -7.246 -0.502
C 12.202 -13.224 -3.749
N 11.992 -13.461 -5.086
C 12.626 -12.519 -5.800
N 13.236 -11.680 -4.946
C 12.991 -12.101 -3.662
C 14.065 -10.514 -5.303
C 15.296 -10.932 -6.107
C 11.123 -14.497 -5.639
H 11.290 -14.579 -6.717
H 10.070 -14.204 -5.458
H 11.321 -15.453 -5.127
H 12.636 -12.442 -6.887
H 13.361 -11.554 -2.783
H 11.780 -13.852 -2.951
H 13.442 -9.793 -5.877
H 14.365 -10.027 -4.363
H 15.875 -10.043 -6.423
H 15.961 -11.574 -5.502
H 14.996 -11.479 -7.015
O 3.563 0.778 7.503
N 3.505 2.034 7.609
O 3.146 2.737 6.618
O 3.878 2.598 8.679
C 20.126 3.692 -8.986
N 20.525 3.064 -7.824
C 19.461 2.943 -7.014
N 18.402 3.482 -7.628
C 18.785 3.956 -8.857
C 17.034 3.528 -7.084
C 16.217 2.307 -7.520
C 21.871 2.564 -7.564
H 22.131 2.724 -6.505
H 22.588 3.093 -8.198
H 21.924 1.490 -7.780
H 19.472 2.501 -6.008
H 18.071 4.435 -9.528
H 20.816 3.904 -9.792
H 17.116 3.601 -5.978
H 16.560 4.455 -7.441
H 15.292 2.227 -6.912
H 15.924 2.408 -8.582
H 16.804 1.386 -7.398
O 20.461 0.630 4.550
N 21.423 1.253 3.992
O 22.082 2.104 4.638
O 21.706 1.001 2.785
C 16.354 -9.641 -1.722
N 17.512 -9.263 -1.091
C 18.557 -9.722 -1.791
N 18.095 -10.393 -2.858
C 16.724 -10.348 -2.844
C 18.931 -11.018 -3.895
C 18.315 -12.313 -4.421
C 17.634 -8.509 0.154
H 18.641 -8.075 0.206
H 17.499 -9.197 1.019
H 16.865 -7.724 0.196
H 19.602 -9.561 -1.510
H 16.125 -10.794 -3.636
H 15.356 -9.402 -1.343
H 19.046 -10.276 -4.716
H 19.926 -11.195 -3.465
H 18.928 -12.730 -5.225
H 18.229 -13.061 -3.627
H 17.305 -12.116 -4.823
O 7.298 -2.370 -12.497
N 7.714 -2.610 -11.348
O 8.742 -3.320 -11.155
O 7.098 -2.121 -10.331
C 6.830 2.405 8.466
N 6.925 1.109 8.909
C 8.178 0.685 8.719
N 8.893 1.677 8.165
C 8.073 2.762 7.988
C 10.345 1.609 7.921
C 10.885 2.717 7.020
C 5.845 0.323 9.507
H 5.622 0.706 10.509
H 6.162 -0.729 9.576
H 4.936 0.407 8.880
H 8.539 -0.314 8.958
H 8.448 3.706 7.571
H 5.884 2.956 8.523
H 10.852 1.638 8.915
H 10.565 0.622 7.476
H 11.979 2.772 7.146
H 10.677 2.511 5.955
H 10.457 3.704 7.277
O 17.739 -9.652 8.971
N 16.734 -10.365 8.682
O 15.695 -10.337 9.380
O 16.777 -11.111 7.644
C 11.710 7.883 -0.531
N 10.883 6.834 -0.228
C 9.639 7.131 -0.620
N 9.647 8.359 -1.162
C 10.929 8.848 -1.123
C 8.489 9.048 -1.755
C 8.187 8.521 -3.162
C 11.298 5.602 0.431
H 10.403 5.050 0.753
H 11.930 5.850 1.308
H 11.883 4.971 -0.261
H 8.763 6.486 -0.481
H 11.185 9.824 -1.514
H 12.771 7.861 -0.252
H 7.624 8.908 -1.092
H 8.722 10.121 -1.788
H 7.404 9.121 -3.636
H 9.096 8.546 -3.792
H 7.838 7.471 -3.113
O 14.549 4.978 -8.926
N 15.691 4.986 -9.463
O 16.473 5.970 -9.269
O 16.085 4.003 -10.146
C 8.364 -7.600 -2.614
N 7.608 -6.661 -1.949
C 7.987 -5.442 -2.357
N 8.966 -5.574 -3.257
C 9.222 -6.911 -3.440
C 9.691 -4.460 -3.891
C 8.762 -3.278 -4.161
C 6.583 -6.900 -0.937
H 6.307 -7.972 -0.905
H 5.692 -6.298 -1.180
H 6.948 -6.593 0.064
H 7.532 -4.501 -2.057
H 9.960 -7.249 -4.161
H 8.204 -8.674 -2.486
H 10.528 -4.172 -3.213
H 10.145 -4.844 -4.820
H 9.351 -2.373 -4.394
H 8.090 -3.488 -5.019
H 8.126 -3.065 -3.283
O 0.393 -2.174 -1.928
N 0.084 -3.373 -1.640
O 0.663 -4.328 -2.250
O -0.770 -3.620 -0.756
C 14.083 5.889 5.476
N 15.314 5.317 5.680
C 15.326 4.720 6.885
N 14.126 4.910 7.455
C 13.335 5.634 6.603
C 13.692 4.391 8.767
C 13.960 2.890 8.871
C 16.403 5.347 4.706
H 16.198 6.153 3.981
H 16.471 4.387 4.163
H 17.362 5.522 5.209
H 16.159 4.159 7.322
H 12.310 5.892 6.882
H 13.849 6.430 4.548
H 14.229 4.941 9.554
H 12.619 4.619 8.862
H 13.603 2.497 9.835
H 13.405 2.355 8.080
H 15.033 2.661 8.777
O 6.826 5.123 2.378
N 7.363 5.441 1.270
O 6.972 6.441 0.620
O 8.343 4.762 0.829
C 19.129 -6.893 -3.208
N 19.800 -6.868 -4.405
C 19.679 -5.650 -4.938
N 18.966 -4.880 -4.103
C 18.603 -5.637 -3.010
C 18.763 -3.433 -4.298
C 17.509 -2.895 -3.616
C 20.488 -7.990 -5.033
H 20.784 -7.699 -6.052
H 19.797 -8.853 -5.086
H 21.368 -8.265 -4.436
H 20.065 -5.328 -5.908
H 17.968 -5.243 -2.211
H 19.068 -7.796 -2.599
H 19.671 -2.910 -3.901
H 18.737 -3.242 -5.387
H 17.430 -1.814 -3.817
H 16.595 -3.373 -4.012
H 17.540 -3.060 -2.529
O 0.610 1.704 1.390
N 0.642 0.924 2.376
O 1.484 1.080 3.296
O -0.162 -0.072 2.406
C 9.907 -6.037 10.483
N 10.727 -5.977 9.388
C 11.926 -6.483 9.709
N 11.888 -6.879 10.989
C 10.640 -6.605 11.499
C 13.001 -7.474 11.757
C 13.945 -8.297 10.882
C 10.308 -5.490 8.080
201
H 9.796 -4.511 8.189
H 9.581 -6.206 7.655
H 11.187 -5.397 7.412
H 12.784 -6.592 9.035
H 10.372 -6.836 12.521
H 8.886 -5.666 10.443
H 13.543 -6.645 12.249
H 12.557 -8.095 12.548
H 14.661 -8.844 11.502
H 13.388 -9.030 10.278
H 14.517 -7.661 10.182
O 23.197 1.138 -0.460
N 23.583 -0.021 -0.086
O 24.422 -0.146 0.833
O 23.090 -1.045 -0.647
C 3.477 -8.118 -0.887
N 3.208 -7.465 -2.064
C 2.013 -6.865 -1.957
N 1.512 -7.119 -0.738
C 2.403 -7.902 -0.053
C 0.198 -6.663 -0.236
C 0.085 -6.821 1.279
C 4.096 -7.423 -3.223
H 3.508 -7.345 -4.162
H 4.703 -8.331 -3.251
H 4.771 -6.544 -3.161
H 1.545 -6.239 -2.717
H 2.204 -8.274 0.958
H 4.406 -8.678 -0.723
H 0.056 -5.604 -0.538
H -0.580 -7.253 -0.745
H -0.934 -6.557 1.604
H 0.314 -7.852 1.601
H 0.783 -6.149 1.792
O 10.170 -12.110 3.973
N 9.008 -12.540 3.736
O 8.741 -13.763 3.843
O 8.091 -11.721 3.386
C 14.603 1.018 -12.059
N 13.880 -0.150 -12.074
C 13.423 -0.386 -10.839
N 13.819 0.614 -10.038
C 14.566 1.501 -10.771
C 13.498 0.741 -8.602
C 13.137 2.180 -8.221
C 13.642 -1.008 -13.230
H 14.349 -1.857 -13.193
H 13.801 -0.438 -14.149
H 12.610 -1.376 -13.189
H 12.804 -1.229 -10.532
H 15.015 2.404 -10.328
H 15.077 1.417 -12.945
H 12.675 0.031 -8.398
H 14.380 0.415 -8.026
H 13.323 2.336 -7.141
H 13.762 2.902 -8.773
H 12.076 2.408 -8.420
O 17.700 3.109 7.896
N 17.875 2.118 8.672
O 19.016 1.563 8.724
O 16.920 1.658 9.350
C 11.308 -5.686 -10.128
N 11.240 -4.730 -11.109
C 11.630 -3.552 -10.597
N 11.959 -3.743 -9.312
C 11.763 -5.061 -8.991
C 12.535 -2.749 -8.391
C 12.057 -2.992 -6.963
C 10.790 -4.982 -12.477
H 11.462 -4.491 -13.188
H 9.775 -4.578 -12.599
H 10.792 -6.069 -12.649
H 11.648 -2.589 -11.112
H 11.974 -5.440 -7.990
H 11.028 -6.734 -10.301
H 13.633 -2.825 -8.459
H 12.251 -1.739 -8.755
H 12.448 -2.217 -6.281
H 10.954 -2.969 -6.923
H 12.399 -3.982 -6.600
O 10.594 6.662 -3.302
N 11.352 7.240 -4.136
O 12.419 6.680 -4.518
O 11.034 8.379 -4.592
C 13.699 -12.945 1.592
N 13.641 -13.057 0.224
C 12.383 -13.350 -0.134
N 11.636 -13.437 0.972
C 12.427 -13.180 2.065
C 10.185 -13.683 0.967
C 9.424 -12.382 0.691
C 14.738 -12.837 -0.717
H 14.983 -13.768 -1.239
H 15.628 -12.467 -0.173
H 14.419 -12.074 -1.453
H 12.027 -13.547 -1.146
H 12.027 -13.149 3.079
H 14.639 -12.731 2.120
H 9.978 -14.420 0.161
H 9.892 -14.115 1.937
H 8.382 -12.605 0.368
H 9.372 -11.737 1.584
H 9.927 -11.814 -0.114
O 5.245 4.778 -10.448
N 5.758 4.905 -9.317
O 5.265 5.672 -8.447
O 6.799 4.214 -9.006
C 19.514 -2.771 8.568
N 18.947 -1.594 8.156
C 18.151 -1.129 9.130
N 18.213 -1.977 10.166
C 19.051 -3.017 9.840
C 17.518 -1.793 11.453
C 17.531 -0.319 11.866
C 19.187 -0.947 6.871
H 18.253 -0.926 6.281
H 19.958 -1.502 6.314
H 19.509 0.096 7.040
H 17.551 -0.213 9.119
H 19.228 -3.853 10.510
H 20.158 -3.358 7.909
H 16.474 -2.166 11.348
H 18.017 -2.426 12.199
H 16.875 -0.156 12.730
H 18.542 0.010 12.126
H 17.166 0.310 11.030
O 3.645 -3.533 4.088
N 4.376 -3.443 3.057
O 5.576 -3.038 3.178
O 3.915 -3.713 1.919
C 7.828 -5.572 -9.387
N 6.665 -5.454 -8.664
C 6.609 -6.452 -7.775
N 7.706 -7.207 -7.907
C 8.484 -6.682 -8.909
C 7.987 -8.415 -7.108
C 9.466 -8.782 -7.123
C 5.669 -4.396 -8.801
H 4.916 -4.677 -9.546
H 6.176 -3.467 -9.127
H 5.175 -4.249 -7.827
H 5.793 -6.625 -7.083
H 9.420 -7.148 -9.230
H 8.119 -4.846 -10.151
H 7.623 -8.218 -6.086
H 7.373 -9.236 -7.535
H 9.630 -9.743 -6.599
H 9.843 -8.886 -8.157
H 10.063 -8.005 -6.617
O 17.600 -8.764 -5.280
N 17.350 -8.029 -6.279
O 17.745 -6.816 -6.285
O 16.727 -8.481 -7.268
C 7.297 -10.370 5.487
N 6.923 -11.467 6.216
C 5.593 -11.444 6.382
N 5.105 -10.354 5.768
C 6.148 -9.671 5.196
C 3.678 -9.983 5.669
C 3.485 -8.475 5.501
C 7.837 -12.480 6.732
H 7.289 -13.179 7.368
H 8.619 -11.970 7.317
H 8.299 -13.022 5.893
H 5.014 -12.171 6.931
H 5.987 -8.740 4.634
H 8.334 -10.153 5.240
H 3.235 -10.521 4.799
H 3.168 -10.354 6.568
H 2.427 -8.247 5.268
H 3.766 -7.942 6.425
H 4.117 -8.097 4.678
O 14.334 -3.083 -10.896
N 15.497 -3.339 -11.327
O 16.196 -4.241 -10.775
O 15.974 -2.672 -12.286
C 14.289 -6.785 -9.985
N 14.749 -6.736 -8.694
C 14.194 -7.737 -8.001
N 13.374 -8.418 -8.814
C 13.417 -7.848 -10.065
C 12.521 -9.544 -8.380
C 13.056 -10.903 -8.839
C 15.611 -5.696 -8.144
H 15.837 -4.971 -8.940
H 16.556 -6.139 -7.759
H 15.089 -5.203 -7.315
H 14.343 -7.961 -6.953
H 12.786 -8.184 -10.893
H 14.610 -6.058 -10.723
H 12.478 -9.493 -7.274
H 11.500 -9.365 -8.777
H 12.346 -11.702 -8.547
H 13.176 -10.931 -9.927
H 14.030 -11.123 -8.373
O 7.152 -10.386 -2.142
N 6.584 -10.716 -1.078
O 6.677 -11.906 -0.643
O 5.929 -9.860 -0.404
C -1.901 0.764 -1.391
N -1.410 -0.138 -0.479
C -0.079 -0.021 -0.433
N 0.299 0.935 -1.291
C -0.819 1.445 -1.901
C 1.683 1.420 -1.418
C 1.909 2.250 -2.678
C -2.182 -1.077 0.329
H -1.893 -0.947 1.384
H -1.943 -2.112 0.017
H -3.249 -0.883 0.202
H 0.577 -0.603 0.197
H -0.761 2.243 -2.630
H -2.957 0.859 -1.603
H 1.924 2.005 -0.513
H 2.342 0.535 -1.427
H 2.982 2.539 -2.743
H 1.668 1.669 -3.581
H 1.298 3.159 -2.673
O 10.513 0.049 5.378
N 10.433 -0.919 4.577
O 10.915 -2.054 4.894
O 9.868 -0.765 3.459
C 10.823 4.738 3.356
N 11.632 3.640 3.510
C 10.865 2.566 3.746
N 9.580 2.954 3.728
C 9.525 4.303 3.489
C 8.419 2.062 3.898
C 7.327 2.703 4.760
C 13.083 3.670 3.355
H 13.520 2.759 3.770
H 13.485 4.560 3.872
H 13.328 3.736 2.274
H 11.204 1.548 3.911
H 8.571 4.836 3.415
H 11.249 5.717 3.147
H 8.020 1.829 2.898
H 8.795 1.120 4.335
H 6.418 2.081 4.751
H 7.658 2.819 5.809
H 7.055 3.699 4.368
O 4.286 -8.251 -7.664
N 3.639 -7.443 -6.921
O 3.761 -6.193 -7.108
O 2.913 -7.870 -5.989
C 15.210 1.260 -1.864
N 15.535 0.282 -2.768
C 16.575 0.695 -3.509
N 16.926 1.923 -3.090
C 16.091 2.296 -2.066
C 17.959 2.803 -3.668
C 18.793 3.497 -2.589
C 14.841 -0.994 -2.889
H 15.560 -1.778 -3.178
H 14.061 -0.932 -3.681
H 14.376 -1.259 -1.924
H 17.055 0.112 -4.302
H 16.209 3.231 -1.516
H 14.350 1.166 -1.189
H 18.611 2.208 -4.348
H 17.447 3.568 -4.302
H 19.231 4.416 -2.996
H 18.174 3.744 -1.711
H 19.623 2.849 -2.242
O 11.931 1.446 10.603
N 11.157 0.647 11.197
O 10.018 0.392 10.709
O 11.549 0.030 12.233
C 0.936 -3.232 2.752
N 0.501 -2.412 3.763
C -0.837 -2.389 3.754
N -1.271 -3.192 2.775
C -0.184 -3.729 2.129
C -2.680 -3.532 2.523
C -2.898 -5.046 2.615
C 1.353 -1.630 4.650
H 0.986 -1.697 5.687
H 1.355 -0.568 4.319
H 2.383 -2.029 4.602
H -1.482 -1.819 4.414
H -0.285 -4.397 1.277
H 1.997 -3.409 2.555
H -3.278 -3.005 3.286
H -2.956 -3.151 1.524
H -3.925 -5.307 2.346
H -2.206 -5.583 1.944
H -2.705 -5.395 3.647
O 10.764 -12.972 -8.423
N 9.944 -12.455 -7.625
O 10.363 -11.691 -6.700
O 8.706 -12.709 -7.711
C 12.404 -1.197 7.469
N 13.207 -2.308 7.578
C 14.107 -2.097 8.553
N 13.895 -0.875 9.070
C 12.846 -0.293 8.404
C 14.645 -0.179 10.135
C 14.435 -0.805 11.516
C 13.093 -3.498 6.734
H 12.445 -4.267 7.201
H 14.095 -3.923 6.569
H 12.647 -3.213 5.764
H 14.853 -2.813 8.899
H 12.494 0.708 8.669
H 11.621 -1.103 6.709
202
H 15.724 -0.166 9.869
H 14.291 0.867 10.132
H 15.087 -0.309 12.247
H 13.384 -0.689 11.861
H 14.698 -1.878 11.498
O 10.808 -15.097 -1.737
N 10.723 -15.955 -2.708
O 9.601 -16.379 -3.049
O 11.764 -16.271 -3.324
C 4.780 -5.078 6.927
N 5.625 -5.963 7.559
C 6.891 -5.617 7.287
N 6.872 -4.535 6.496
C 5.573 -4.179 6.255
C 8.068 -3.828 6.011
C 7.722 -2.469 5.414
C 5.201 -7.082 8.396
H 6.014 -7.830 8.467
H 4.320 -7.557 7.936
H 4.937 -6.729 9.400
H 7.776 -6.160 7.630
H 5.300 -3.346 5.604
H 3.697 -5.151 6.995
H 8.767 -3.740 6.865
H 8.555 -4.470 5.235
H 8.608 -2.035 4.931
H 6.928 -2.577 4.653
H 7.368 -1.784 6.196
O 1.222 -10.657 4.171
N 1.059 -9.568 3.558
O 0.618 -8.552 4.169
O 1.395 -9.478 2.338
C 18.672 -2.203 -8.718
N 18.626 -2.469 -10.064
C 18.733 -3.795 -10.246
N 18.862 -4.380 -9.047
C 18.821 -3.408 -8.077
C 19.071 -5.816 -8.790
C 20.468 -6.065 -8.204
C 18.476 -1.470 -11.121
H 19.376 -1.444 -11.746
H 18.324 -0.488 -10.667
H 17.603 -1.732 -11.749
H 18.731 -4.305 -11.198
H 18.923 -3.627 -7.014
H 18.609 -1.189 -8.308
H 18.284 -6.153 -8.072
H 18.925 -6.357 -9.733
H 20.508 -7.026 -7.668
H 21.236 -6.070 -8.984
H 20.721 -5.264 -7.479
O 14.683 -7.006 5.901
N 13.968 -6.934 6.913
O 12.704 -6.735 6.808
O 14.458 -7.055 8.075
C 15.022 9.287 -5.671
N 15.896 8.669 -6.534
C 15.214 7.788 -7.281
N 13.926 7.836 -6.915
C 13.775 8.759 -5.915
C 12.844 7.003 -7.469
C 11.568 7.818 -7.665
C 17.336 8.905 -6.602
H 17.699 8.662 -7.605
H 17.860 8.260 -5.864
H 17.550 9.954 -6.378
H 15.642 7.127 -8.054
H 12.801 8.934 -5.447
H 15.346 10.037 -4.962
H 13.211 6.551 -8.404
H 12.670 6.177 -6.749
H 10.763 7.182 -8.050
H 11.245 8.238 -6.695
H 11.725 8.641 -8.371
O 10.322 -8.620 -10.275
N 10.375 -8.726 -11.558
O 11.228 -8.046 -12.184
O 9.575 -9.485 -12.145
C 23.697 4.894 -0.012
N 22.512 4.200 0.028
C 22.608 3.233 0.958
N 23.824 3.305 1.518
C 24.523 4.326 0.929
C 24.356 2.388 2.544
C 25.675 2.890 3.128
C 21.359 4.485 -0.822
H 20.433 4.316 -0.240
H 21.354 3.816 -1.711
H 21.402 5.522 -1.163
H 21.824 2.527 1.247
H 25.540 4.562 1.216
H 23.859 5.723 -0.687
H 23.587 2.275 3.335
H 24.487 1.397 2.057
H 26.060 2.170 3.855
H 26.429 3.021 2.343
H 25.543 3.852 3.636
O 17.127 5.493 -4.852
N 18.367 5.820 -4.934
O 19.214 4.928 -5.245
O 18.719 6.992 -4.711
C 19.461 -8.362 5.550
N 19.667 -8.916 6.794
C 19.276 -10.200 6.765
N 18.832 -10.481 5.534
C 18.938 -9.357 4.756
C 18.270 -11.772 5.100
C 19.317 -12.887 5.120
C 20.126 -8.192 7.980
H 19.313 -8.193 8.734
H 20.354 -7.153 7.696
H 21.012 -8.675 8.405
H 19.311 -10.889 7.596
H 18.614 -9.359 3.718
H 19.698 -7.311 5.320
H 17.429 -12.013 5.783
H 17.852 -11.629 4.087
H 18.866 -13.831 4.800
H 20.146 -12.660 4.441
H 19.725 -13.024 6.128
O 13.050 -3.994 10.176
N 13.924 -4.116 11.093
O 13.588 -4.544 12.222
O 15.125 -3.767 10.860
C 11.888 -11.164 6.091
N 12.576 -10.601 7.134
C 13.766 -11.209 7.245
N 13.855 -12.147 6.287
C 12.694 -12.138 5.555
C 14.993 -13.072 6.101
C 14.946 -13.785 4.751
C 12.084 -9.500 7.956
H 11.014 -9.661 8.178
H 12.176 -8.542 7.397
H 12.673 -9.435 8.885
H 14.538 -10.971 7.993
H 12.522 -12.801 4.708
H 10.895 -10.838 5.788
H 15.931 -12.488 6.221
H 14.965 -13.804 6.923
H 15.683 -14.593 4.730
H 13.953 -14.218 4.577
H 15.179 -13.103 3.913
O 6.557 -2.796 10.340
N 7.263 -3.018 9.340
O 7.893 -4.133 9.228
O 7.414 -2.141 8.441
C 7.399 -10.086 -10.135
N 7.636 -11.434 -10.098
C 6.722 -12.016 -9.309
N 5.904 -11.063 -8.835
C 6.304 -9.848 -9.332
C 4.773 -11.258 -7.906
C 3.741 -12.238 -8.470
C 8.757 -12.098 -10.764
H 9.451 -12.502 -10.005
H 9.275 -11.349 -11.384
H 8.392 -12.918 -11.392
H 6.653 -13.071 -9.088
H 5.764 -8.937 -9.078
H 8.048 -9.429 -10.717
H 5.173 -11.630 -6.952
H 4.330 -10.259 -7.724
H 2.933 -12.391 -7.749
H 3.303 -11.855 -9.397
H 4.203 -13.209 -8.683
O 21.167 -3.560 -6.428
N 21.672 -3.544 -5.273
O 22.060 -4.644 -4.752
O 21.705 -2.484 -4.595
C 8.440 -12.931 -4.653
N 8.951 -12.022 -3.760
C 8.803 -12.508 -2.522
N 8.210 -13.705 -2.594
C 7.972 -13.996 -3.912
C 7.908 -14.546 -1.426
C 6.912 -15.659 -1.731
C 9.508 -10.699 -4.035
H 8.837 -9.934 -3.605
H 9.610 -10.552 -5.124
H 10.489 -10.615 -3.549
H 9.153 -12.024 -1.614
H 7.511 -14.927 -4.216
H 8.437 -12.757 -5.733
H 8.877 -14.967 -1.072
H 7.535 -13.865 -0.625
H 6.652 -16.180 -0.798
H 5.990 -15.258 -2.168
H 7.353 -16.379 -2.430
O 16.543 -12.463 2.487
N 16.991 -11.463 1.855
O 17.314 -10.415 2.492
O 17.099 -11.494 0.599
C 3.703 -11.594 2.763
N 4.650 -10.702 2.320
C 5.740 -11.385 1.940
N 5.508 -12.692 2.113
C 4.247 -12.851 2.632
C 6.437 -13.776 1.757
C 5.701 -15.088 1.484
C 4.461 -9.256 2.209
H 4.928 -8.911 1.275
H 4.917 -8.718 3.072
H 3.375 -9.044 2.176
H 6.653 -10.956 1.551
H 3.833 -13.827 2.847
H 2.716 -11.274 3.132
H 6.987 -13.438 0.845
H 7.189 -13.888 2.568
H 6.359 -15.792 0.955
H 5.360 -15.559 2.413
H 4.826 -14.914 0.849
O 7.860 -6.254 4.211
N 6.982 -6.690 3.397
O 7.275 -6.807 2.171
O 5.848 -7.032 3.821
C 7.346 2.276 -13.219
N 7.567 0.937 -13.005
C 6.943 0.575 -11.876
N 6.330 1.649 -11.364
C 6.563 2.727 -12.180
C 5.604 1.700 -10.082
C 5.198 0.311 -9.599
C 8.455 0.069 -13.776
H 8.003 -0.928 -13.864
H 9.413 -0.040 -13.231
H 8.632 0.501 -14.764
H 6.939 -0.424 -11.433
H 6.167 3.711 -11.925
H 7.757 2.801 -14.070
H 6.276 2.199 -9.344
H 4.737 2.363 -10.208
H 4.860 0.358 -8.552
H 4.392 -0.106 -10.212
H 6.058 -0.384 -9.650
O 4.025 2.777 -0.301
N 4.909 2.480 -1.115
O 5.756 1.564 -0.850
O 4.975 3.075 -2.250
C 9.210 -2.956 11.917
N 10.260 -2.546 11.128
C 11.358 -2.457 11.889
N 11.047 -2.816 13.141
C 9.708 -3.126 13.187
C 12.006 -2.875 14.259
C 12.628 -1.504 14.533
C 10.195 -2.287 9.694
H 9.436 -1.513 9.482
H 9.896 -3.210 9.159
H 11.173 -1.943 9.324
H 12.347 -2.168 11.551
H 9.217 -3.431 14.101
H 8.198 -3.069 11.523
H 11.473 -3.258 15.139
H 12.787 -3.605 13.983
H 13.438 -1.589 15.263
H 13.029 -1.080 13.597
H 11.880 -0.804 14.921
O -2.105 -4.020 5.424
N -2.819 -3.119 6.022
O -2.850 -3.119 7.279
O -3.418 -2.277 5.335
C 0.586 -6.383 6.190
N -0.783 -6.395 6.313
C -1.149 -5.428 7.167
N -0.049 -4.795 7.597
C 1.052 -5.376 7.002
C -0.058 -3.629 8.504
C 1.099 -2.677 8.209
C -1.708 -7.176 5.494
H -2.459 -7.665 6.123
H -1.136 -7.925 4.929
H -2.216 -6.488 4.790
H -2.155 -5.201 7.497
H 2.065 -5.020 7.178
H 1.110 -7.090 5.540
H -1.037 -3.133 8.366
H -0.006 -3.993 9.543
H 1.112 -1.853 8.928
H 2.059 -3.204 8.264
H 1.004 -2.246 7.197
O 7.068 -9.488 8.258
N 8.267 -9.123 8.115
O 8.609 -7.937 8.378
O 9.128 -9.951 7.677
C 3.908 -3.479 -5.632
N 2.802 -3.834 -4.901
C 2.449 -2.801 -4.123
N 3.309 -1.794 -4.338
C 4.233 -2.189 -5.276
C 3.169 -0.458 -3.731
C 4.503 0.204 -3.402
C 2.062 -5.093 -4.968
H 1.407 -5.093 -5.846
H 1.450 -5.189 -4.056
H 2.748 -5.959 -5.051
H 1.622 -2.786 -3.406
H 5.049 -1.532 -5.596
H 4.385 -4.162 -6.340
H 2.594 0.176 -4.430
H 2.553 -0.568 -2.822
H 4.347 1.283 -3.180
H 4.982 -0.267 -2.529
H 5.190 0.122 -4.256
O 15.069 7.564 3.124
203
N 14.142 7.351 2.311
O 14.176 7.811 1.142
O 13.141 6.628 2.680
C 24.688 -4.868 -2.162
N 23.846 -5.887 -2.547
C 22.581 -5.487 -2.378
N 22.589 -4.241 -1.890
C 23.890 -3.827 -1.749
C 21.413 -3.399 -1.637
C 20.314 -4.120 -0.858
C 24.221 -7.215 -3.020
H 24.483 -7.183 -4.085
H 23.354 -7.882 -2.872
H 25.078 -7.589 -2.452
H 21.706 -6.090 -2.598
H 24.122 -2.835 -1.370
H 25.765 -4.958 -2.203
H 21.768 -2.514 -1.076
H 21.032 -3.037 -2.625
H 19.501 -3.411 -0.594
H 19.870 -4.931 -1.461
H 20.705 -4.553 0.069
O 20.653 -3.588 5.888
N 20.286 -4.800 5.903
O 20.264 -5.477 4.850
O 19.890 -5.325 6.997
C 19.264 4.147 4.534
N 18.788 2.932 4.968
C 19.462 2.575 6.068
N 20.349 3.530 6.358
C 20.251 4.526 5.414
C 21.285 3.471 7.491
C 21.599 4.864 8.036
C 17.722 2.156 4.344
H 18.129 1.234 3.880
H 17.239 2.781 3.574
H 16.986 1.850 5.096
H 19.333 1.656 6.639
H 20.881 5.405 5.444
H 18.879 4.606 3.624
H 20.819 2.832 8.259
H 22.205 2.973 7.146
H 22.362 4.808 8.817
H 21.970 5.513 7.233
H 20.704 5.328 8.463
O 12.151 1.562 -5.374
N 13.122 0.743 -5.286
O 14.306 1.185 -5.297
O 12.898 -0.493 -5.170
C 4.896 5.078 6.140
N 5.500 5.606 7.256
C 6.562 6.333 6.872
N 6.649 6.274 5.536
C 5.629 5.496 5.054
C 7.703 6.899 4.721
C 7.461 8.397 4.518
C 5.051 5.393 8.630
H 4.186 6.032 8.846
H 5.860 5.635 9.323
H 4.746 4.328 8.751
H 7.287 6.823 7.532
H 5.523 5.271 3.989
H 4.031 4.401 6.199
H 8.660 6.716 5.237
H 7.717 6.358 3.753
H 8.265 8.830 3.915
H 6.512 8.574 4.000
H 7.434 8.922 5.479
O 9.061 6.990 8.313
N 9.696 6.037 7.806
O 10.841 5.713 8.206
O 9.155 5.369 6.845
C 7.908 -1.932 1.530
N 8.052 -3.258 1.845
C 7.197 -3.976 1.105
N 6.512 -3.136 0.317
C 6.930 -1.851 0.567
C 5.493 -3.504 -0.680
C 5.691 -2.703 -1.966
C 9.038 -3.787 2.776
H 8.578 -4.522 3.470
H 9.469 -2.949 3.355
H 9.856 -4.302 2.211
H 7.087 -5.063 1.140
H 6.515 -0.998 0.042
H 8.512 -1.171 2.015
H 5.587 -4.589 -0.878
H 4.499 -3.331 -0.235
H 4.928 -2.959 -2.710
H 5.635 -1.619 -1.766
H 6.681 -2.923 -2.409
O 6.798 -0.426 -5.740
N 6.244 0.671 -6.053
O 5.080 0.669 -6.542
O 6.858 1.762 -5.863
100 ion pairs
C -1.534 2.981 2.475
N -1.252 2.611 3.772
C 0.071 2.411 3.880
N 0.633 2.626 2.686
C -0.344 2.994 1.792
C 2.045 2.373 2.355
C 2.674 3.574 1.654
C -2.234 2.430 4.832
H -1.837 1.735 5.586
H -3.183 2.028 4.427
H -2.446 3.398 5.337
H 0.622 2.171 4.784
H -0.131 3.254 0.748
H -2.543 3.201 2.136
H 2.567 2.118 3.294
H 2.067 1.468 1.695
H 3.668 3.330 1.252
H 2.038 3.885 0.814
H 2.785 4.430 2.350
O -4.873 0.876 4.626
N -5.132 -0.076 5.413
O -4.266 -0.488 6.239
O -6.280 -0.614 5.398
C 5.538 1.772 2.978
N 6.246 1.619 1.806
C 6.545 2.828 1.320
N 6.052 3.757 2.151
C 5.415 3.127 3.190
C 6.129 5.211 1.928
C 5.308 5.967 2.966
C 6.677 0.362 1.201
H 7.168 0.581 0.246
H 5.806 -0.290 1.028
H 7.384 -0.158 1.873
H 7.092 3.025 0.395
H 4.937 3.688 3.995
H 5.142 0.929 3.549
H 7.197 5.525 1.942
H 5.740 5.416 0.909
H 4.237 5.695 2.896
H 5.633 5.739 3.996
H 5.401 7.052 2.819
O 10.259 3.156 3.769
N 9.082 2.687 3.702
O 8.828 1.733 2.900
O 8.166 3.154 4.416
C 11.743 -4.153 0.326
N 12.664 -3.468 -0.426
C 12.286 -2.184 -0.510
N 11.142 -2.036 0.170
C 10.783 -3.244 0.705
C 10.435 -0.766 0.406
C 10.939 -0.108 1.694
C 13.852 -4.035 -1.050
H 13.692 -4.120 -2.150
H 14.058 -5.033 -0.629
H 14.722 -3.384 -0.880
H 12.814 -1.394 -1.051
H 9.890 -3.366 1.315
H 11.839 -5.204 0.575
H 10.612 -0.107 -0.466
H 9.357 -0.992 0.471
H 10.321 0.773 1.950
H 10.886 -0.815 2.530
H 11.982 0.208 1.587
O 4.692 5.898 -0.776
N 4.502 4.730 -1.251
O 4.694 3.717 -0.535
O 4.095 4.607 -2.443
C 7.057 4.828 8.064
N 7.308 5.496 6.892
C 8.414 4.987 6.334
N 8.876 4.003 7.118
C 8.047 3.883 8.203
C 10.115 3.247 6.862
C 10.044 1.811 7.381
C 6.470 6.551 6.327
H 5.697 6.101 5.671
H 7.090 7.245 5.725
H 5.988 7.098 7.148
H 8.846 5.329 5.401
H 8.193 3.125 8.976
H 6.218 5.086 8.716
H 10.285 3.258 5.769
H 10.957 3.798 7.337
H 10.951 1.252 7.091
H 9.954 1.785 8.480
H 9.168 1.277 6.965
O -0.328 4.542 -0.912
N -1.512 4.971 -0.771
O -2.298 4.410 0.056
O -1.920 5.949 -1.450
C 7.652 0.801 -4.384
N 9.000 0.559 -4.370
C 9.216 -0.684 -3.923
N 8.025 -1.249 -3.655
C 7.037 -0.339 -3.934
C 7.786 -2.623 -3.172
C 6.361 -2.792 -2.642
C 10.007 1.517 -4.801
H 9.676 2.526 -4.506
H 10.138 1.476 -5.893
H 10.981 1.297 -4.314
H 10.200 -1.135 -3.801
H 5.980 -0.570 -3.804
H 7.245 1.769 -4.672
H 7.971 -3.332 -4.002
H 8.508 -2.860 -2.374
H 6.204 -3.839 -2.327
H 6.200 -2.154 -1.766
H 5.605 -2.538 -3.399
O -4.647 -4.426 -2.991
N -3.517 -4.419 -2.470
O -2.723 -5.402 -2.635
O -3.132 -3.428 -1.765
C 2.180 6.658 0.623
N 1.671 7.200 -0.528
C 1.053 8.348 -0.225
N 1.161 8.557 1.096
C 1.861 7.513 1.651
C 0.575 9.698 1.818
C 1.554 10.327 2.811
C 1.739 6.606 -1.861
H 1.473 7.362 -2.604
H 1.024 5.758 -1.915
H 2.754 6.220 -2.048
H 0.595 9.030 -0.943
H 2.051 7.422 2.716
H 2.715 5.713 0.639
H 0.255 10.443 1.055
H -0.342 9.343 2.340
H 1.045 11.126 3.387
H 1.926 9.574 3.516
H 2.418 10.778 2.281
O 7.873 7.779 2.078
N 7.799 7.743 3.337
O 8.485 6.917 3.995
O 7.035 8.558 3.952
C 12.565 1.587 10.580
N 12.314 2.725 11.298
C 10.995 2.831 11.497
N 10.390 1.786 10.915
C 11.351 0.989 10.329
C 8.929 1.602 10.863
C 8.445 0.248 11.383
C 13.325 3.627 11.838
H 13.295 3.585 12.941
H 13.098 4.663 11.520
H 14.308 3.328 11.454
H 10.473 3.634 12.007
H 11.114 0.071 9.794
H 13.574 1.313 10.293
H 8.487 2.428 11.455
H 8.600 1.743 9.805
H 7.340 0.268 11.451
H 8.738 -0.574 10.710
H 8.843 0.027 12.389
O 6.456 -0.837 9.215
N 7.246 -0.231 8.434
O 7.215 1.020 8.347
O 8.080 -0.898 7.737
C 5.989 9.531 -0.202
N 5.797 9.615 1.153
C 6.841 10.250 1.699
N 7.710 10.562 0.729
C 7.203 10.123 -0.472
C 8.966 11.304 0.934
C 8.681 12.754 1.342
C 4.641 9.140 1.903
H 4.122 8.345 1.353
H 3.933 9.979 2.057
H 4.989 8.752 2.873
H 6.975 10.451 2.760
H 7.714 10.288 -1.412
H 5.276 9.055 -0.861
H 9.564 10.790 1.709
H 9.541 11.265 -0.010
H 9.587 13.259 1.736
H 8.323 13.337 0.480
H 7.894 12.775 2.118
O 12.087 -1.773 -4.410
N 11.580 -2.915 -4.280
O 12.051 -3.741 -3.450
O 10.591 -3.245 -5.016
C 1.723 3.858 -4.680
N 2.681 2.968 -5.098
C 2.995 2.168 -4.070
N 2.264 2.524 -3.009
C 1.460 3.579 -3.355
C 2.432 1.916 -1.680
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C 1.130 1.767 -0.899
C 3.309 2.917 -6.415
H 4.241 3.514 -6.419
H 2.610 3.319 -7.176
H 3.560 1.875 -6.668
H 3.684 1.326 -4.097
H 0.793 4.062 -2.633
H 1.296 4.595 -5.347
H 2.885 0.918 -1.844
H 3.166 2.535 -1.118
H 1.350 1.303 0.084
H 0.644 2.746 -0.725
H 0.423 1.121 -1.430
O 4.803 13.286 -0.322
N 4.703 12.540 0.687
O 5.628 12.531 1.562
O 3.681 11.814 0.850
C 7.979 9.536 11.638
N 8.206 10.452 10.641
C 8.836 11.515 11.162
N 9.022 11.299 12.470
C 8.496 10.072 12.795
C 9.653 12.225 13.429
C 9.542 13.675 12.961
C 7.819 10.287 9.244
H 8.651 9.850 8.665
H 7.557 11.269 8.804
H 6.956 9.594 9.181
H 9.147 12.389 10.596
H 8.531 9.698 13.820
H 7.450 8.606 11.453
H 9.169 12.070 14.402
H 10.722 11.940 13.539
H 9.775 14.360 13.782
H 10.253 13.868 12.142
H 8.523 13.883 12.597
O 14.457 -3.095 3.758
N 14.086 -2.752 2.583
O 14.619 -3.286 1.581
O 13.231 -1.836 2.447
C 5.677 -4.918 9.640
N 6.017 -4.100 8.594
C 7.150 -3.452 8.907
N 7.531 -3.825 10.136
C 6.629 -4.740 10.616
C 8.709 -3.328 10.868
C 9.671 -2.591 9.941
C 5.272 -4.014 7.345
H 5.240 -2.969 6.971
H 4.241 -4.368 7.521
H 5.745 -4.657 6.579
H 7.664 -2.715 8.286
H 6.704 -5.192 11.605
H 4.785 -5.538 9.618
H 8.358 -2.678 11.696
H 9.215 -4.208 11.321
H 10.485 -2.134 10.513
H 10.113 -3.305 9.216
H 9.152 -1.798 9.370
O 8.243 -4.206 -0.649
N 7.512 -3.579 0.187
O 7.764 -2.378 0.470
O 6.538 -4.174 0.727
C 14.480 9.576 7.382
N 14.585 9.848 6.036
C 14.144 11.095 5.817
N 13.760 11.625 6.985
C 13.961 10.700 7.981
C 13.262 13.004 7.172
C 14.381 13.912 7.692
C 15.109 8.944 5.017
H 14.486 9.038 4.114
H 15.084 7.907 5.394
H 16.151 9.229 4.748
H 14.101 11.587 4.851
H 13.733 10.905 9.031
H 14.754 8.618 7.810
H 12.885 13.366 6.194
H 12.427 12.974 7.884
H 14.038 14.959 7.762
H 14.696 13.598 8.700
H 15.249 13.887 7.020
O 11.786 14.599 4.665
N 11.539 14.180 3.500
O 10.743 14.819 2.737
O 12.103 13.139 3.069
C -1.513 -1.774 -5.343
N -0.325 -1.849 -6.023
C 0.578 -2.473 -5.249
N -0.016 -2.804 -4.090
C -1.320 -2.383 -4.123
C 0.582 -3.612 -3.014
C 0.388 -5.105 -3.302
C -0.098 -1.347 -7.378
H 0.667 -1.953 -7.886
H 0.230 -0.283 -7.340
H -1.048 -1.418 -7.938
H 1.621 -2.668 -5.503
H -2.003 -2.562 -3.290
H -2.416 -1.344 -5.786
H 1.655 -3.335 -2.936
H 0.079 -3.336 -2.069
H 0.794 -5.377 -4.285
H 0.894 -5.729 -2.547
H -0.693 -5.348 -3.299
O 5.986 -5.253 -9.472
N 6.055 -4.841 -10.660
O 5.066 -4.207 -11.175
O 7.084 -5.037 -11.343
C 4.270 3.454 8.860
N 4.806 2.337 9.457
C 4.327 1.247 8.841
N 3.504 1.639 7.860
C 3.448 3.009 7.851
C 2.730 0.754 6.972
C 2.733 1.238 5.521
C 5.795 2.348 10.528
H 5.904 1.335 10.960
H 5.486 3.044 11.326
H 6.779 2.658 10.129
H 4.595 0.222 9.101
H 2.850 3.562 7.112
H 4.524 4.468 9.186
H 3.160 -0.255 7.045
H 1.695 0.707 7.368
H 1.948 0.707 4.955
H 2.516 2.321 5.475
H 3.699 1.037 5.029
O 6.986 2.922 13.167
N 7.667 4.000 13.189
O 8.437 4.276 12.256
O 7.562 4.771 14.204
C 7.394 -2.446 -12.195
N 8.586 -2.931 -12.676
C 9.582 -2.199 -12.172
N 9.063 -1.254 -11.376
C 7.692 -1.386 -11.372
C 9.835 -0.179 -10.730
C 9.946 -0.318 -9.212
C 8.760 -4.057 -13.585
H 9.830 -4.223 -13.740
H 8.257 -3.844 -14.543
H 8.310 -4.962 -13.136
H 10.641 -2.376 -12.351
H 7.045 -0.719 -10.795
H 6.434 -2.907 -12.438
H 10.840 -0.162 -11.213
H 9.333 0.783 -10.985
H 10.553 0.515 -8.818
H 8.950 -0.269 -8.755
H 10.435 -1.262 -8.923
O 3.188 17.533 -0.904
N 2.661 18.380 -1.699
O 2.811 19.602 -1.511
O 2.001 17.955 -2.704
C 2.380 6.416 9.100
N 1.588 7.290 9.805
C 0.328 7.189 9.351
N 0.299 6.274 8.375
C 1.564 5.778 8.192
C -0.900 5.828 7.643
C -0.776 4.356 7.254
C 2.032 8.187 10.870
H 1.893 7.727 11.866
H 1.443 9.121 10.827
H 3.110 8.428 10.752
H -0.530 7.745 9.724
H 1.790 5.024 7.426
H 3.445 6.281 9.314
H -1.772 5.983 8.301
H -1.037 6.463 6.748
H -1.647 4.060 6.641
H 0.137 4.192 6.657
H -0.742 3.713 8.139
O -3.465 8.553 -6.704
N -3.321 9.602 -6.002
O -2.774 9.558 -4.878
O -3.737 10.717 -6.461
C 4.652 -6.338 -1.535
N 4.193 -7.031 -2.629
C 5.156 -7.052 -3.561
N 6.219 -6.378 -3.094
C 5.932 -5.926 -1.827
C 7.466 -6.097 -3.834
C 8.708 -6.322 -2.972
C 2.896 -7.691 -2.732
H 2.731 -8.042 -3.768
H 2.090 -6.990 -2.456
H 2.857 -8.570 -2.051
H 5.085 -7.554 -4.525
H 6.667 -5.388 -1.215
H 4.036 -6.203 -0.646
H 7.497 -6.744 -4.726
H 7.431 -5.040 -4.171
H 9.617 -6.072 -3.544
H 8.672 -5.692 -2.063
H 8.771 -7.380 -2.665
O -2.466 -4.381 4.412
N -2.050 -5.576 4.545
O -1.002 -5.810 5.224
O -2.664 -6.514 3.986
C 9.254 6.606 -3.140
N 8.362 6.733 -2.104
C 7.162 6.286 -2.508
N 7.266 5.891 -3.781
C 8.556 6.080 -4.203
C 6.163 5.378 -4.609
C 6.599 4.186 -5.459
C 8.668 7.264 -0.781
H 8.310 6.582 0.008
H 8.183 8.249 -0.644
H 9.762 7.378 -0.684
H 6.259 6.238 -1.896
H 8.863 5.823 -5.214
H 10.306 6.876 -3.022
H 5.334 5.109 -3.928
H 5.823 6.213 -5.262
H 5.766 3.842 -6.092
H 7.438 4.471 -6.116
H 6.936 3.349 -4.823
O 0.715 3.501 -7.760
N 0.336 2.289 -7.694
O -0.583 1.877 -8.449
O 0.911 1.492 -6.897
C 11.222 5.633 17.200
N 9.888 5.756 17.496
C 9.745 6.648 18.488
N 10.959 7.087 18.847
C 11.899 6.472 18.053
C 11.233 8.141 19.838
C 10.211 8.133 20.975
C 8.797 5.079 16.802
H 8.256 5.795 16.160
H 8.082 4.657 17.529
H 9.211 4.264 16.182
H 8.817 6.937 18.960
H 12.956 6.678 18.148
H 11.590 4.964 16.407
H 12.252 7.996 20.219
H 11.206 9.104 19.296
H 10.387 8.974 21.651
H 9.194 8.219 20.574
H 10.272 7.207 21.556
O 7.468 2.963 -10.023
N 6.851 2.104 -9.310
O 7.168 0.889 -9.386
O 5.898 2.478 -8.568
C 8.165 15.885 4.637
N 7.266 15.904 5.670
C 6.630 14.726 5.717
N 7.109 13.947 4.734
C 8.072 14.648 4.048
C 6.694 12.570 4.412
C 7.651 11.520 4.984
C 7.040 17.028 6.570
H 6.171 17.616 6.213
H 7.937 17.665 6.563
H 6.838 16.636 7.578
H 5.859 14.467 6.431
H 8.632 14.221 3.216
H 8.795 16.745 4.398
H 5.679 12.421 4.800
H 6.656 12.484 3.307
H 7.354 10.515 4.634
H 8.680 11.705 4.653
H 7.633 11.551 6.083
O -6.247 11.609 7.210
N -6.349 11.168 8.382
O -5.587 11.570 9.304
O -7.213 10.257 8.643
C 2.688 -2.937 -0.410
N 2.988 -1.991 0.538
C 2.980 -2.570 1.747
N 2.679 -3.863 1.595
C 2.477 -4.121 0.261
C 2.437 -4.823 2.683
C 0.930 -5.061 2.836
C 3.260 -0.585 0.271
H 2.521 0.058 0.805
H 3.173 -0.406 -0.815
H 4.278 -0.328 0.610
H 3.241 -2.077 2.686
H 2.282 -5.132 -0.092
H 2.620 -2.691 -1.474
H 2.956 -5.762 2.440
H 2.870 -4.396 3.609
H 0.709 -5.700 3.706
H 0.406 -4.099 2.982
H 0.521 -5.541 1.937
O 4.046 2.036 -11.779
N 4.317 2.853 -12.697
O 4.488 2.471 -13.879
O 4.457 4.097 -12.413
C 12.153 -1.880 -7.425
N 12.677 -0.615 -7.498
C 13.344 -0.488 -8.653
N 13.273 -1.653 -9.316
C 12.534 -2.537 -8.573
C 13.893 -1.948 -10.624
C 12.960 -1.632 -11.799
C 12.494 0.436 -6.505
H 12.244 -0.012 -5.531
H 11.683 1.109 -6.829
H 13.422 1.026 -6.400
H 13.842 0.409 -8.993
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H 12.359 -3.566 -8.917
H 11.572 -2.225 -6.566
H 14.821 -1.363 -10.689
H 14.148 -3.018 -10.631
H 13.531 -1.565 -12.728
H 12.217 -2.445 -11.922
H 12.413 -0.676 -11.661
O 12.054 1.992 -8.881
N 12.214 3.261 -8.796
O 12.985 3.834 -9.617
O 11.592 3.921 -7.931
C 7.456 2.604 -14.652
N 7.255 2.589 -13.300
C 7.063 3.844 -12.870
N 7.124 4.668 -13.927
C 7.364 3.917 -15.055
C 6.851 6.116 -13.908
C 7.542 6.850 -15.056
C 7.215 1.387 -12.475
H 7.969 1.474 -11.662
H 7.466 0.521 -13.105
H 6.215 1.267 -12.032
H 6.890 4.127 -11.833
H 7.454 4.384 -16.033
H 7.657 1.694 -15.205
H 5.751 6.257 -14.000
H 7.170 6.524 -12.931
H 7.183 7.889 -15.080
H 8.631 6.849 -14.940
H 7.287 6.375 -16.018
O 9.411 10.106 15.652
N 9.676 9.388 16.659
O 10.813 9.447 17.195
O 8.798 8.586 17.107
C 4.057 -2.901 11.105
N 4.232 -3.520 12.318
C 4.735 -2.636 13.188
N 4.893 -1.461 12.558
C 4.473 -1.599 11.258
C 5.386 -0.209 13.165
C 4.293 0.463 14.002
C 4.000 -4.939 12.566
H 3.756 -5.108 13.628
H 4.913 -5.517 12.307
H 3.165 -5.282 11.938
H 4.970 -2.855 14.225
H 4.530 -0.786 10.536
H 3.644 -3.440 10.250
H 6.268 -0.452 13.791
H 5.736 0.442 12.335
H 4.585 1.480 14.333
H 3.358 0.552 13.417
H 4.078 -0.130 14.899
O 0.947 9.993 -2.724
N 0.889 11.107 -2.152
O 1.295 12.158 -2.741
O 0.430 11.190 -0.971
C 5.794 10.503 14.292
N 4.846 9.770 13.623
C 4.934 8.491 14.010
N 5.921 8.389 14.915
C 6.474 9.629 15.109
C 6.314 7.182 15.668
C 5.227 6.782 16.671
C 3.883 10.314 12.671
H 3.880 9.698 11.745
H 4.154 11.356 12.423
H 2.871 10.302 13.128
H 4.314 7.674 13.653
H 7.331 9.779 15.768
H 5.902 11.583 14.139
H 6.504 6.349 14.956
H 7.264 7.419 16.181
H 5.551 5.913 17.262
H 4.995 7.604 17.356
H 4.304 6.483 16.147
O 0.611 -7.743 -0.051
N 1.648 -7.894 0.668
O 2.573 -7.041 0.618
O 1.761 -8.913 1.407
C 15.691 1.182 5.843
N 14.499 0.771 5.297
C 14.749 -0.182 4.380
N 16.073 -0.386 4.335
C 16.682 0.448 5.235
C 16.806 -1.340 3.474
C 18.057 -0.687 2.884
C 13.191 1.313 5.674
H 12.711 1.795 4.815
H 13.339 2.045 6.487
H 12.524 0.511 6.050
H 14.008 -0.704 3.760
H 17.767 0.423 5.385
H 15.746 1.968 6.602
H 17.092 -2.212 4.097
H 16.120 -1.694 2.692
H 18.625 -1.414 2.298
H 17.798 0.155 2.233
H 18.706 -0.316 3.702
O 4.203 -2.979 4.557
N 4.310 -1.741 4.816
O 4.251 -0.890 3.885
O 4.540 -1.366 6.003
C -5.822 6.904 10.747
N -6.693 7.965 10.716
C -5.988 9.104 10.760
N -4.684 8.794 10.792
C -4.552 7.428 10.797
C -3.585 9.779 10.802
C -2.311 9.230 10.156
C -8.142 7.861 10.558
H -8.447 8.455 9.678
H -8.654 8.242 11.448
H -8.397 6.798 10.402
H -6.381 10.113 10.710
H -3.571 6.944 10.796
H -6.178 5.867 10.721
H -3.956 10.676 10.275
H -3.383 10.069 11.853
H -1.437 9.843 10.454
H -2.129 8.187 10.471
H -2.387 9.244 9.064
O 10.137 8.389 -11.680
N 9.343 7.413 -11.656
O 9.784 6.227 -11.785
O 8.101 7.605 -11.493
C -1.635 5.424 -8.951
N -0.822 5.314 -10.050
C -0.626 6.534 -10.562
N -1.296 7.422 -9.822
C -1.938 6.759 -8.804
C -1.308 8.868 -10.079
C -1.266 9.665 -8.779
C -0.257 4.089 -10.601
H 0.812 4.261 -10.837
H -0.779 3.811 -11.545
H -0.349 3.271 -9.864
H -0.002 6.780 -11.417
H -2.551 7.293 -8.075
H -1.929 4.561 -8.369
H -0.443 9.095 -10.726
H -2.230 9.127 -10.662
H -1.337 10.743 -9.003
H -2.113 9.373 -8.127
H -0.322 9.478 -8.237
O 11.694 7.458 -1.489
N 12.752 7.030 -2.072
O 13.873 7.175 -1.514
O 12.652 6.465 -3.186
C -6.233 4.339 -0.987
N -6.894 4.813 -2.095
C -6.029 4.878 -3.116
N -4.830 4.469 -2.688
C -4.927 4.123 -1.362
C -3.604 4.372 -3.501
C -3.103 2.926 -3.555
C -8.297 5.208 -2.154
H -8.829 4.588 -2.896
H -8.356 6.269 -2.463
H -8.750 5.083 -1.155
H -6.265 5.261 -4.105
H -4.059 3.800 -0.788
H -6.743 4.215 -0.026
H -3.844 4.746 -4.505
H -2.844 5.039 -3.052
H -2.289 2.828 -4.279
H -2.734 2.614 -2.572
H -3.925 2.249 -3.842
O 10.375 7.318 9.888
N 10.684 6.083 9.860
O 11.244 5.549 10.851
O 10.499 5.425 8.796
C -7.927 3.565 5.797
N -8.770 4.319 5.013
C -8.324 4.293 3.749
N -7.221 3.536 3.704
C -6.944 3.073 4.969
C -6.414 3.250 2.505
C -4.923 3.435 2.790
C -9.892 5.108 5.524
H -10.841 4.592 5.341
H -9.900 6.096 5.025
H -9.746 5.252 6.608
H -8.765 4.782 2.885
H -6.108 2.395 5.151
H -8.082 3.444 6.878
H -6.609 2.203 2.199
H -6.776 3.905 1.686
H -4.321 3.306 1.880
H -4.725 4.451 3.188
H -4.577 2.697 3.538
O 12.379 4.022 14.897
N 11.574 3.058 14.877
O 11.634 2.189 13.966
O 10.670 2.960 15.774
C 8.385 -1.206 3.549
N 7.621 -0.955 4.662
C 7.108 -2.111 5.097
N 7.492 -3.095 4.269
C 8.303 -2.559 3.304
C 6.950 -4.469 4.333
C 7.681 -5.434 3.411
C 7.316 0.351 5.242
H 6.330 0.300 5.717
H 7.312 1.118 4.450
H 8.066 0.622 6.010
H 6.451 -2.227 5.958
H 8.763 -3.164 2.524
H 8.929 -0.414 3.029
H 6.986 -4.810 5.385
H 5.880 -4.400 4.068
H 7.334 -6.461 3.592
H 7.485 -5.180 2.352
H 8.770 -5.399 3.592
O 10.321 -5.295 8.398
N 10.682 -5.888 9.474
O 11.045 -5.223 10.463
O 10.619 -7.156 9.534
C 4.128 5.637 -8.025
N 4.168 4.860 -9.157
C 5.421 4.860 -9.629
N 6.186 5.620 -8.830
C 5.401 6.122 -7.820
C 7.635 5.838 -9.038
C 8.368 6.270 -7.770
C 3.048 4.102 -9.706
H 3.431 3.221 -10.251
H 2.469 4.719 -10.426
H 2.375 3.790 -8.881
H 5.757 4.348 -10.530
H 5.781 6.773 -7.019
H 3.216 5.791 -7.464
H 8.041 4.887 -9.424
H 7.757 6.595 -9.841
H 9.434 6.454 -7.986
H 7.943 7.188 -7.333
H 8.319 5.486 -6.992
O 1.555 0.117 9.551
N 1.587 -0.153 10.786
O 0.782 -0.995 11.269
O 2.433 0.431 11.533
C 11.264 8.802 13.629
N 12.416 9.496 13.915
C 13.405 9.023 13.146
N 12.914 8.031 12.386
C 11.580 7.878 12.662
C 13.648 7.306 11.335
C 13.400 7.951 9.967
C 12.499 10.624 14.837
H 13.537 10.777 15.143
H 11.865 10.423 15.719
H 12.135 11.529 14.312
H 14.430 9.359 13.161
H 10.982 7.132 12.136
H 10.320 9.043 14.123
H 14.716 7.316 11.592
H 13.293 6.253 11.336
H 13.965 7.433 9.177
H 12.325 7.889 9.719
H 13.687 9.016 9.981
O 1.806 4.212 5.536
N 2.716 4.920 4.964
O 2.424 5.622 3.968
O 3.891 4.876 5.408
C -5.017 1.090 8.725
N -6.328 0.850 9.074
C -6.637 1.611 10.134
N -5.562 2.339 10.460
C -4.537 2.035 9.601
C -5.479 3.329 11.546
C -6.135 2.805 12.824
C -7.223 -0.099 8.415
H -6.754 -0.471 7.487
H -8.170 0.393 8.173
H -7.415 -0.948 9.097
H -7.582 1.622 10.656
H -3.569 2.523 9.695
H -4.545 0.563 7.891
H -4.411 3.559 11.692
H -5.988 4.257 11.201
H -6.029 3.530 13.636
H -7.202 2.626 12.655
H -5.679 1.859 13.135
O 10.597 -4.501 3.425
N 11.291 -5.533 3.367
O 11.178 -6.345 2.383
O 12.093 -5.830 4.303
C -2.709 -6.654 1.054
N -2.119 -6.988 -0.138
C -1.344 -5.974 -0.543
N -1.431 -4.986 0.359
C -2.273 -5.388 1.369
C -0.754 -3.679 0.259
C -1.163 -2.727 1.378
C -2.283 -8.251 -0.843
H -1.285 -8.655 -1.093
H -2.853 -8.112 -1.781
H -2.803 -8.959 -0.181
H -0.726 -5.958 -1.436
H -2.477 -4.763 2.240
H -3.357 -7.344 1.600
H 0.347 -3.856 0.284
H -0.994 -3.254 -0.734
H -0.658 -1.757 1.258
H -2.253 -2.564 1.381
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H -0.862 -3.133 2.358
O -0.031 8.491 14.400
N 1.188 8.779 14.331
O 2.028 7.919 13.920
O 1.584 9.953 14.618
C -0.881 13.015 14.260
N -0.518 11.937 13.492
C 0.800 11.995 13.266
N 1.293 13.086 13.869
C 0.264 13.741 14.499
C 2.723 13.439 13.953
C 3.436 12.574 14.998
C -1.394 10.851 13.066
H -1.202 10.626 11.997
H -2.442 11.134 13.207
H -1.159 9.944 13.659
H 1.372 11.292 12.671
H 0.416 14.653 15.060
H -1.901 13.185 14.575
H 3.198 13.278 12.962
H 2.798 14.506 14.197
H 4.526 12.659 14.855
H 3.179 12.877 16.018
H 3.147 11.520 14.862
O 8.263 3.292 -3.085
N 7.960 3.097 -1.866
O 7.948 4.096 -1.067
O 7.704 1.951 -1.444
C 8.210 -7.471 -9.931
N 8.712 -7.848 -11.151
C 9.824 -8.563 -10.957
N 10.046 -8.665 -9.637
C 9.055 -7.987 -8.972
C 11.189 -9.368 -9.027
C 10.837 -9.969 -7.667
C 8.137 -7.543 -12.455
H 8.738 -8.016 -13.234
H 8.124 -6.448 -12.608
H 7.092 -7.910 -12.505
H 10.444 -8.985 -11.733
H 9.034 -7.907 -7.877
H 7.328 -6.837 -9.829
H 11.511 -10.147 -9.732
H 12.021 -8.654 -8.927
H 11.659 -10.594 -7.307
H 10.660 -9.178 -6.921
H 9.927 -10.591 -7.719
O 7.907 -3.234 15.298
N 7.631 -3.059 14.093
O 7.843 -1.944 13.534
O 7.085 -4.000 13.414
C 11.120 9.154 -7.612
N 11.248 7.995 -6.877
C 11.649 7.006 -7.694
N 11.794 7.513 -8.926
C 11.465 8.845 -8.906
C 12.346 6.800 -10.085
C 13.512 7.586 -10.689
C 11.028 7.914 -5.436
H 11.498 7.012 -5.026
H 9.946 7.900 -5.218
H 11.480 8.802 -4.950
H 11.800 5.958 -7.437
H 11.506 9.454 -9.800
H 10.798 10.098 -7.156
H 12.671 5.799 -9.742
H 11.538 6.652 -10.836
H 13.995 6.996 -11.487
H 13.158 8.529 -11.120
H 14.255 7.819 -9.915
O 1.365 -6.534 9.037
N 1.905 -5.562 9.646
O 2.830 -4.909 9.086
O 1.489 -5.228 10.790
C -6.235 10.796 1.869
N -5.968 11.152 3.168
C -4.638 11.224 3.330
N -4.052 10.913 2.168
C -5.023 10.645 1.237
C -2.602 10.843 1.939
C -2.255 11.066 0.473
C -6.996 11.404 4.179
H -6.588 11.268 5.197
H -7.819 10.695 4.016
H -7.374 12.428 4.081
H -4.122 11.492 4.240
H -4.772 10.399 0.206
H -7.245 10.664 1.506
H -2.145 11.625 2.576
H -2.222 9.855 2.303
H -1.155 11.070 0.326
H -2.694 10.287 -0.167
H -2.650 12.043 0.141
O 18.155 -3.237 5.660
N 18.370 -2.132 6.235
O 17.783 -1.842 7.316
O 19.131 -1.277 5.696
C 13.599 -5.758 -6.479
N 13.036 -5.885 -5.234
C 11.706 -5.779 -5.345
N 11.403 -5.594 -6.638
C 12.567 -5.578 -7.371
C 10.032 -5.412 -7.147
C 10.013 -5.031 -8.625
C 13.790 -6.023 -3.995
H 13.856 -5.026 -3.501
H 14.805 -6.395 -4.225
H 13.280 -6.724 -3.314
H 10.987 -5.816 -4.529
H 12.577 -5.414 -8.457
H 14.679 -5.783 -6.608
H 9.477 -6.364 -6.975
H 9.559 -4.630 -6.533
H 8.997 -4.778 -8.942
H 10.668 -4.166 -8.813
H 10.370 -5.859 -9.258
O -7.922 4.783 10.363
N -8.271 4.451 9.201
O -8.128 3.258 8.805
O -8.729 5.325 8.400
C 0.829 15.593 -1.257
N 1.916 14.821 -1.587
C 1.970 13.775 -0.754
N 0.956 13.866 0.113
C 0.219 14.990 -0.179
C 0.757 12.926 1.225
C 0.559 13.636 2.565
C 2.898 15.088 -2.633
H 2.812 14.337 -3.427
H 3.907 15.043 -2.193
H 2.728 16.104 -3.044
H 2.739 13.006 -0.731
H -0.661 15.263 0.407
H 0.614 16.516 -1.786
H -0.102 12.262 0.986
H 1.659 12.284 1.262
H 0.498 12.877 3.370
H 1.410 14.307 2.772
H -0.373 14.230 2.566
O 13.598 10.736 11.253
N 13.078 11.894 11.219
O 13.192 12.593 10.179
O 12.456 12.345 12.226
C 13.830 17.609 2.953
N 12.482 17.612 3.202
C 11.824 17.386 2.058
N 12.726 17.241 1.075
C 13.986 17.377 1.605
C 12.439 16.977 -0.344
C 12.817 18.159 -1.240
C 11.868 17.688 4.521
H 11.698 16.649 4.875
H 10.892 18.197 4.473
H 12.541 18.197 5.235
H 10.737 17.369 1.954
H 14.875 17.258 0.987
H 14.559 17.775 3.755
H 12.995 16.052 -0.641
H 11.354 16.755 -0.450
H 12.376 18.003 -2.233
H 12.424 19.098 -0.836
H 13.906 18.250 -1.351
O 2.489 -1.024 -2.702
N 3.290 -1.425 -3.588
O 4.063 -0.617 -4.165
O 3.297 -2.653 -3.921
C 12.137 2.072 -12.138
N 11.366 3.156 -11.810
C 12.024 4.271 -12.135
N 13.207 3.933 -12.673
C 13.297 2.560 -12.691
C 14.228 4.876 -13.160
C 15.634 4.284 -13.068
C 10.079 3.148 -11.123
H 10.238 2.905 -10.063
H 9.411 2.385 -11.568
H 9.623 4.143 -11.207
H 11.644 5.281 -11.965
H 14.170 2.053 -13.084
H 11.817 1.032 -11.983
H 13.990 5.145 -14.202
H 14.152 5.801 -12.554
H 16.367 4.971 -13.503
H 15.910 4.100 -12.025
H 15.685 3.331 -13.608
O 0.536 12.764 9.746
N 0.440 11.512 9.628
O 0.433 10.981 8.488
O 0.368 10.782 10.671
C 10.727 2.589 -0.623
N 10.935 3.693 -1.410
C 10.684 4.788 -0.684
N 10.330 4.418 0.554
C 10.348 3.047 0.619
C 9.958 5.359 1.628
C 10.876 6.585 1.634
C 11.273 3.711 -2.829
H 11.827 4.632 -3.067
H 10.330 3.686 -3.410
H 11.868 2.818 -3.098
H 10.769 5.821 -1.036
H 10.075 2.486 1.521
H 10.860 1.566 -1.000
H 8.896 5.673 1.476
H 10.011 4.812 2.586
H 10.475 7.350 2.317
H 11.884 6.318 1.971
H 10.960 7.032 0.621
O 2.915 9.593 -10.665
N 1.990 8.736 -10.651
O 1.700 8.135 -9.571
O 1.346 8.474 -11.704
C 1.622 -7.128 5.546
N 2.364 -6.195 6.221
C 3.261 -6.828 6.989
N 3.113 -8.149 6.815
C 2.089 -8.363 5.922
C 3.927 -9.221 7.407
C 3.035 -10.343 7.943
C 2.175 -4.750 6.129
H 2.799 -4.322 5.314
H 2.480 -4.299 7.087
H 1.122 -4.538 5.919
H 3.950 -6.336 7.667
H 1.769 -9.354 5.611
H 0.802 -6.835 4.888
H 4.609 -9.605 6.614
H 4.563 -8.802 8.213
H 3.613 -11.031 8.567
H 2.222 -9.918 8.547
H 2.580 -10.909 7.121
O 8.444 17.974 -2.945
N 9.519 17.495 -3.423
O 10.407 17.045 -2.636
O 9.683 17.436 -4.670
C 18.264 -4.886 3.154
N 18.767 -5.979 2.489
C 17.774 -6.557 1.793
N 16.653 -5.861 2.006
C 16.925 -4.815 2.853
C 15.320 -6.175 1.473
C 14.340 -6.461 2.610
C 20.170 -6.380 2.442
H 20.546 -6.229 1.420
H 20.274 -7.436 2.712
H 20.746 -5.768 3.140
H 17.835 -7.462 1.192
H 16.147 -4.112 3.170
H 18.861 -4.256 3.805
H 14.973 -5.311 0.873
H 15.420 -7.039 0.790
H 13.301 -6.464 2.250
H 14.556 -7.447 3.063
H 14.440 -5.686 3.391
O -7.530 0.908 -4.926
N -6.800 1.750 -4.335
O -5.820 1.370 -3.643
O -7.061 2.996 -4.443
C 6.049 12.212 -7.008
N 7.380 11.977 -6.786
C 7.785 12.732 -5.764
N 6.744 13.447 -5.314
C 5.643 13.144 -6.080
C 6.793 14.368 -4.162
C 7.014 15.828 -4.568
C 8.214 11.029 -7.513
H 9.263 11.138 -7.182
H 8.137 11.229 -8.600
H 7.884 10.002 -7.295
H 8.798 12.760 -5.344
H 4.675 13.595 -5.909
H 5.494 11.694 -7.784
H 5.854 14.263 -3.600
H 7.611 14.030 -3.512
H 7.143 16.463 -3.669
H 7.936 15.949 -5.182
H 6.153 16.219 -5.147
O 15.434 2.636 9.774
N 15.040 2.988 8.632
O 15.868 3.515 7.812
O 13.844 2.813 8.275
C -3.419 0.319 -10.439
N -3.035 1.280 -11.340
C -1.700 1.258 -11.446
N -1.218 0.305 -10.638
C -2.270 -0.298 -9.996
C 0.205 -0.040 -10.470
C 1.113 1.033 -11.066
C -3.895 2.202 -12.081
H -4.344 2.952 -11.395
H -4.696 1.648 -12.581
H -3.273 2.724 -12.823
H -1.128 1.941 -12.073
H -2.134 -1.089 -9.253
H -4.453 0.141 -10.172
H 0.391 -0.161 -9.389
H 0.386 -1.025 -10.948
H 2.175 0.767 -10.932
H 0.927 1.154 -12.139
H 0.930 2.003 -10.576
O 11.566 10.764 -4.261
N 10.880 11.658 -4.805
O 10.219 12.489 -4.097
O 10.838 11.757 -6.067
C 3.638 10.371 -5.782
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N 3.309 9.743 -6.956
C 1.974 9.637 -7.032
N 1.442 10.185 -5.929
C 2.457 10.657 -5.137
C 0.004 10.224 -5.595
C -0.476 11.642 -5.283
C 4.262 9.289 -7.964
H 3.736 9.144 -8.926
H 4.740 8.346 -7.638
H 5.039 10.058 -8.088
H 1.426 9.185 -7.865
H 2.246 11.152 -4.185
H 4.680 10.527 -5.483
H -0.541 9.796 -6.454
H -0.158 9.578 -4.719
H -1.529 11.612 -4.952
H 0.136 12.077 -4.476
H -0.421 12.293 -6.173
O 5.179 8.097 11.122
N 5.484 7.310 10.167
O 6.057 7.771 9.144
O 5.161 6.090 10.226
C 15.378 12.088 -6.246
N 14.192 11.755 -6.851
C 13.640 10.727 -6.193
N 14.434 10.404 -5.164
C 15.530 11.235 -5.179
C 14.169 9.364 -4.153
C 14.361 9.928 -2.743
C 13.586 12.461 -7.975
H 12.847 11.815 -8.457
H 14.358 12.749 -8.694
H 13.087 13.380 -7.606
H 12.684 10.266 -6.438
H 16.315 11.158 -4.438
H 16.003 12.916 -6.603
H 13.130 9.015 -4.304
H 14.849 8.508 -4.345
H 14.375 9.117 -1.985
H 15.305 10.484 -2.682
H 13.531 10.604 -2.483
O 2.744 17.521 5.232
N 3.735 16.753 5.380
O 4.775 16.919 4.672
O 3.706 15.828 6.244
C 10.886 7.777 4.776
N 10.338 8.130 5.979
C 10.989 7.494 6.962
N 11.939 6.723 6.408
C 11.895 6.882 5.043
C 12.861 5.821 7.127
C 14.093 5.508 6.281
C 9.201 9.025 6.139
H 9.026 9.215 7.209
H 8.297 8.558 5.686
H 9.401 9.976 5.625
H 10.775 7.583 8.036
H 12.568 6.349 4.383
H 10.548 8.191 3.826
H 13.151 6.316 8.073
H 12.300 4.898 7.390
H 14.767 4.815 6.820
H 13.801 5.041 5.333
H 14.648 6.435 6.042
O 5.731 8.210 -5.658
N 6.748 8.929 -5.409
O 7.905 8.478 -5.646
O 6.593 10.099 -4.964
C -7.229 -2.926 -3.606
N -6.306 -1.914 -3.515
C -6.167 -1.344 -4.718
N -6.981 -1.965 -5.583
C -7.660 -2.955 -4.912
C -7.207 -1.540 -6.976
C -7.645 -2.695 -7.881
C -5.595 -1.515 -2.302
H -5.249 -0.482 -2.425
H -4.734 -2.191 -2.121
H -6.276 -1.584 -1.435
H -5.497 -0.528 -4.951
H -8.380 -3.591 -5.412
H -7.534 -3.516 -2.742
H -7.967 -0.744 -6.958
H -6.263 -1.102 -7.341
H -8.179 -2.313 -8.756
H -6.768 -3.261 -8.248
H -8.309 -3.382 -7.339
O 11.096 10.039 2.788
N 12.024 10.287 3.607
O 13.224 10.386 3.188
O 11.793 10.351 4.844
C 16.733 11.002 0.142
N 17.884 10.988 0.883
C 18.238 9.718 1.112
N 17.348 8.910 0.517
C 16.391 9.687 -0.092
C 17.424 7.433 0.477
C 18.007 6.916 -0.842
C 18.616 12.165 1.346
H 18.798 12.078 2.439
H 18.011 13.064 1.146
H 19.574 12.239 0.821
H 19.108 9.394 1.684
H 15.535 9.259 -0.625
H 16.256 11.950 -0.122
H 18.081 7.109 1.321
H 16.416 7.032 0.648
H 18.129 5.817 -0.796
H 17.357 7.146 -1.699
H 19.005 7.349 -1.018
O -4.471 -8.786 2.677
N -3.495 -9.588 2.698
O -3.198 -10.199 3.769
O -2.797 -9.782 1.662
C 14.775 14.111 4.388
N 15.448 13.660 3.283
C 16.605 14.329 3.177
N 16.684 15.201 4.193
C 15.561 15.081 4.967
C 17.807 16.107 4.493
C 18.765 15.462 5.501
C 15.031 12.551 2.432
H 15.385 12.732 1.400
H 13.930 12.459 2.459
H 15.482 11.620 2.812
H 17.330 14.183 2.379
H 15.414 15.684 5.867
H 13.787 13.737 4.672
H 18.323 16.334 3.551
H 17.372 17.040 4.894
H 19.672 16.065 5.607
H 18.288 15.378 6.483
H 19.042 14.451 5.169
O 18.282 3.863 -1.423
N 19.019 2.945 -1.935
O 20.259 2.987 -1.771
O 18.481 2.032 -2.615
C 11.571 -8.229 6.863
N 10.849 -7.821 5.769
C 11.445 -8.290 4.660
N 12.529 -8.989 5.020
C 12.631 -8.967 6.389
C 13.454 -9.670 4.096
C 14.277 -10.745 4.800
C 9.675 -6.952 5.825
H 9.693 -6.243 4.979
H 9.689 -6.398 6.787
H 8.736 -7.545 5.765
H 11.122 -8.109 3.632
H 13.436 -9.473 6.906
H 11.288 -7.935 7.880
H 12.841 -10.115 3.288
H 14.126 -8.913 3.628
H 15.007 -11.170 4.106
H 14.818 -10.320 5.655
H 13.625 -11.547 5.166
O 13.706 -0.023 -2.120
N 12.705 0.454 -2.719
O 12.871 1.241 -3.701
O 11.533 0.199 -2.315
C 14.699 4.512 -5.106
N 15.576 4.864 -4.114
C 16.090 3.748 -3.567
N 15.561 2.689 -4.201
C 14.689 3.138 -5.159
C 15.854 1.270 -3.927
C 15.871 0.446 -5.217
C 15.839 6.241 -3.699
H 16.814 6.313 -3.199
H 15.055 6.564 -2.985
H 15.807 6.913 -4.583
H 16.830 3.709 -2.759
H 14.134 2.448 -5.792
H 14.197 5.264 -5.721
H 16.825 1.218 -3.399
H 15.073 0.865 -3.239
H 15.853 -0.630 -4.979
H 14.971 0.672 -5.816
H 16.755 0.660 -5.826
O -2.064 17.696 -4.341
N -1.948 17.137 -5.458
O -0.984 17.453 -6.230
O -2.763 16.248 -5.833
C -2.426 -5.222 11.047
N -1.256 -5.715 11.576
C -0.707 -4.770 12.357
N -1.502 -3.693 12.343
C -2.576 -3.942 11.527
C -1.251 -2.428 13.058
C -2.534 -1.832 13.640
C -0.681 -7.021 11.263
H 0.150 -7.227 11.940
H -0.293 -7.018 10.209
H -1.444 -7.800 11.361
H 0.201 -4.858 12.946
H -3.372 -3.209 11.360
H -3.057 -5.785 10.357
H -0.499 -2.639 13.846
H -0.777 -1.713 12.351
H -2.344 -0.797 13.964
H -3.341 -1.820 12.886
H -2.885 -2.408 14.503
O 2.316 -7.346 -5.857
N 1.072 -7.340 -5.602
O 0.285 -6.690 -6.366
O 0.614 -7.998 -4.641
C -6.587 8.785 6.261
N -7.528 7.868 6.654
C -7.052 6.640 6.423
N -5.823 6.747 5.896
C -5.506 8.078 5.790
C -4.982 5.621 5.468
C -3.685 5.544 6.269
C -8.847 8.167 7.205
H -9.278 7.238 7.599
H -9.492 8.566 6.410
H -8.737 8.911 8.012
H -7.580 5.713 6.642
H -4.554 8.432 5.383
H -6.720 9.870 6.357
H -5.585 4.696 5.573
H -4.760 5.732 4.376
H -3.102 4.653 5.964
H -3.050 6.430 6.084
H -3.870 5.462 7.351
O 10.861 -8.216 -5.039
N 9.626 -8.474 -4.982
O 9.158 -9.175 -4.063
O 8.847 -8.001 -5.891
C 3.137 12.212 8.167
N 4.184 11.570 8.792
C 5.080 12.492 9.180
N 4.630 13.700 8.823
C 3.422 13.556 8.192
C 5.316 14.970 9.106
C 4.320 16.103 9.345
C 4.267 10.130 9.018
H 5.304 9.764 8.890
H 3.612 9.613 8.312
H 3.953 9.864 10.054
H 6.024 12.300 9.681
H 2.869 14.417 7.818
H 2.263 11.674 7.805
H 5.964 14.798 9.981
H 5.982 15.212 8.247
H 4.844 17.057 9.456
H 3.625 16.179 8.488
H 3.730 15.924 10.250
O 16.546 -7.269 -4.627
N 17.139 -6.201 -4.959
O 18.386 -6.088 -4.799
O 16.465 -5.221 -5.402
C 19.460 -1.493 -3.410
N 19.290 -2.804 -3.792
C 17.995 -3.118 -3.678
N 17.324 -2.037 -3.250
C 18.220 -1.009 -3.067
C 15.883 -2.031 -2.927
C 15.072 -2.799 -3.975
C 20.339 -3.735 -4.203
H 20.946 -4.000 -3.327
H 20.976 -3.276 -4.966
H 19.862 -4.643 -4.600
H 17.550 -4.066 -3.976
H 17.930 -0.007 -2.743
H 20.426 -1.009 -3.401
H 15.759 -2.499 -1.930
H 15.535 -0.983 -2.846
H 14.101 -3.145 -3.559
H 14.872 -2.163 -4.848
H 15.625 -3.690 -4.321
O 8.141 14.889 8.328
N 8.253 13.629 8.259
O 9.267 13.050 8.686
O 7.291 12.952 7.742
C 15.027 -3.053 7.367
N 14.700 -3.999 6.431
C 13.381 -3.957 6.207
N 12.848 -3.009 6.989
C 13.853 -2.428 7.724
C 11.413 -2.687 7.063
C 11.166 -1.264 7.557
C 15.626 -4.916 5.775
H 15.278 -5.103 4.742
H 15.670 -5.865 6.324
H 16.629 -4.456 5.749
H 12.835 -4.581 5.491
H 13.658 -1.628 8.427
H 16.062 -2.846 7.653
H 10.982 -2.839 6.065
H 10.928 -3.426 7.749
H 10.081 -1.070 7.626
H 11.595 -1.110 8.560
H 11.612 -0.509 6.880
O -7.050 7.429 -3.719
N -6.980 8.602 -4.247
O -6.742 9.591 -3.532
O -7.159 8.716 -5.492
C -6.515 -4.629 1.125
N -5.371 -3.972 1.503
C -4.922 -4.508 2.653
N -5.752 -5.496 3.011
C -6.755 -5.591 2.079
C -5.630 -6.328 4.220
C -6.873 -6.208 5.107
208
C -4.789 -2.833 0.795
H -3.885 -2.495 1.324
H -5.540 -2.020 0.756
H -4.507 -3.105 -0.242
H -4.012 -4.236 3.208
H -7.550 -6.320 2.160
H -7.096 -4.347 0.236
H -5.470 -7.381 3.901
H -4.722 -6.020 4.763
H -6.769 -6.865 5.999
H -7.008 -5.180 5.480
H -7.776 -6.499 4.559
O -4.981 -2.123 11.634
N -6.084 -1.515 11.424
O -6.261 -0.356 11.843
O -6.975 -2.097 10.723
C -3.515 -8.950 -3.713
N -2.400 -9.080 -4.509
C -2.262 -7.961 -5.237
N -3.256 -7.120 -4.918
C -4.054 -7.712 -3.978
C -3.507 -5.790 -5.506
C -2.223 -4.976 -5.637
C -1.521 -10.250 -4.536
H -1.189 -10.442 -5.569
H -2.068 -11.123 -4.170
H -0.633 -10.095 -3.900
H -1.447 -7.749 -5.937
H -4.921 -7.212 -3.566
H -3.850 -9.743 -3.057
H -3.975 -5.943 -6.503
H -4.231 -5.277 -4.850
H -2.414 -4.029 -6.171
H -1.813 -4.746 -4.636
H -1.452 -5.541 -6.194
O 6.864 13.340 11.370
N 5.878 13.289 12.160
O 4.709 13.088 11.673
O 6.031 13.389 13.394
C 0.405 3.770 12.245
N 0.414 4.846 13.098
C 1.650 5.005 13.583
N 2.444 4.064 13.049
C 1.688 3.272 12.215
C 3.884 3.890 13.330
C 4.519 5.193 13.800
C -0.754 5.656 13.433
H -1.355 5.141 14.192
H -1.359 5.799 12.522
H -0.430 6.635 13.828
H 1.969 5.800 14.252
H 2.096 2.396 11.707
H -0.506 3.470 11.722
H 4.002 3.099 14.115
H 4.379 3.517 12.413
H 5.588 5.029 14.063
H 4.463 5.970 13.026
H 4.006 5.559 14.709
O -5.743 -7.338 7.765
N -4.716 -6.617 7.839
O -3.958 -6.487 6.840
O -4.432 -6.006 8.923
C 3.893 -0.672 -7.539
N 4.241 -0.981 -8.830
C 4.285 -2.316 -8.957
N 3.994 -2.862 -7.770
C 3.730 -1.862 -6.870
C 3.855 -4.298 -7.481
C 2.375 -4.675 -7.412
C 4.482 -0.005 -9.887
H 5.344 -0.315 -10.501
H 4.706 0.971 -9.433
H 3.587 0.096 -10.527
H 4.529 -2.883 -9.860
H 3.462 -2.080 -5.833
H 3.790 0.357 -7.194
H 4.378 -4.867 -8.278
H 4.356 -4.506 -6.526
H 2.253 -5.728 -7.094
H 1.853 -4.031 -6.685
H 1.896 -4.549 -8.402
O 16.736 14.671 -7.048
N 15.786 15.361 -6.633
O 15.957 16.513 -6.153
O 14.590 14.873 -6.665
C 7.397 -0.280 15.864
N 8.402 0.531 15.401
C 7.988 1.805 15.443
N 6.738 1.829 15.926
C 6.347 0.542 16.206
C 5.875 3.014 16.051
C 5.711 3.457 17.506
C 9.668 0.050 14.858
H 9.475 -0.385 13.859
H 10.083 -0.724 15.508
H 10.377 0.892 14.756
H 8.593 2.677 15.196
H 5.363 0.311 16.594
H 7.510 -1.366 15.907
H 6.314 3.822 15.423
H 4.881 2.748 15.608
H 4.942 4.242 17.558
H 5.398 2.620 18.139
H 6.658 3.865 17.901
O -4.723 -2.221 -8.673
N -3.900 -2.033 -7.743
O -2.758 -2.613 -7.788
O -4.180 -1.296 -6.766
C -7.055 4.638 -7.992
N -6.759 5.629 -7.092
C -7.619 5.558 -6.064
N -8.466 4.542 -6.292
C -8.135 3.954 -7.486
C -9.592 4.136 -5.431
C -9.986 2.679 -5.661
C -5.689 6.616 -7.231
H -5.959 7.529 -6.669
H -5.566 6.861 -8.306
H -4.745 6.217 -6.843
H -7.600 6.222 -5.191
H -8.681 3.101 -7.868
H -6.480 4.494 -8.917
H -9.289 4.294 -4.379
H -10.441 4.812 -5.634
H -10.843 2.414 -5.035
H -10.253 2.511 -6.711
H -9.140 2.010 -5.403
O 3.548 -7.399 -13.338
N 4.782 -7.725 -13.233
O 5.596 -7.384 -14.119
O 5.173 -8.347 -12.203
C -6.040 -2.894 7.342
N -5.287 -2.977 8.491
C -5.845 -3.878 9.312
N -6.928 -4.390 8.711
C -7.073 -3.788 7.480
C -7.818 -5.422 9.271
C -8.531 -6.200 8.166
C -4.076 -2.212 8.768
H -3.890 -2.235 9.858
H -4.206 -1.171 8.421
H -3.216 -2.656 8.231
H -5.472 -4.139 10.293
H -7.882 -4.047 6.808
H -5.821 -2.172 6.548
H -7.205 -6.096 9.884
H -8.545 -4.931 9.938
H -9.182 -6.967 8.595
H -9.140 -5.528 7.549
H -7.786 -6.692 7.514
O 7.737 14.864 -10.333
N 7.499 14.103 -9.350
O 7.711 14.507 -8.172
O 7.040 12.936 -9.549
C 8.952 -6.821 14.660
N 8.405 -6.761 13.400
C 7.080 -6.597 13.518
N 6.764 -6.563 14.820
C 7.917 -6.693 15.556
C 5.417 -6.305 15.364
C 5.313 -4.894 15.951
C 9.164 -6.806 12.152
H 8.609 -7.399 11.393
H 10.138 -7.266 12.331
H 9.326 -5.779 11.764
H 6.355 -6.535 12.690
H 7.921 -6.675 16.637
H 10.014 -6.941 14.822
H 4.695 -6.412 14.538
H 5.188 -7.068 16.120
H 4.259 -4.657 16.152
H 5.894 -4.799 16.874
H 5.691 -4.155 15.225
O -1.288 5.557 -12.995
N -1.655 4.623 -13.782
O -2.228 4.881 -14.843
O -1.373 3.411 -13.455
C 7.308 -10.526 2.642
N 6.203 -10.557 3.455
C 5.144 -10.104 2.766
N 5.548 -9.782 1.532
C 6.892 -10.038 1.423
C 4.702 -9.206 0.472
C 3.929 -10.282 -0.297
C 6.180 -10.982 4.852
H 5.777 -12.000 4.933
H 5.538 -10.292 5.434
H 7.209 -10.970 5.252
H 4.135 -10.002 3.138
H 7.434 -9.845 0.499
H 8.299 -10.807 3.008
H 4.001 -8.489 0.935
H 5.377 -8.647 -0.210
H 3.272 -9.796 -1.050
H 4.611 -10.956 -0.829
H 3.292 -10.869 0.374
O 9.900 1.612 -13.777
N 9.932 0.351 -13.900
O 10.950 -0.291 -13.505
O 8.920 -0.268 -14.333
C 16.513 -6.906 -1.660
N 17.256 -7.984 -2.050
C 16.457 -9.051 -2.144
N 15.206 -8.681 -1.829
C 15.216 -7.345 -1.513
C 14.038 -9.570 -1.730
C 12.792 -8.942 -2.360
C 18.676 -7.934 -2.376
H 18.794 -7.440 -3.362
H 19.086 -8.946 -2.411
H 19.194 -7.329 -1.615
H 16.762 -10.047 -2.427
H 14.316 -6.803 -1.231
H 16.961 -5.914 -1.513
H 14.295 -10.521 -2.214
H 13.876 -9.781 -0.644
H 11.876 -9.444 -2.001
H 12.729 -7.878 -2.084
H 12.808 -9.002 -3.454
O 0.686 -3.994 14.835
N 1.935 -4.201 15.059
O 2.378 -5.361 15.136
O 2.699 -3.201 15.207
C -3.407 12.580 -4.078
N -3.648 12.156 -2.794
C -3.405 13.172 -1.949
N -3.012 14.235 -2.668
C -3.012 13.896 -3.996
C -2.587 15.542 -2.123
C -3.520 16.022 -1.012
C -4.101 10.809 -2.448
H -3.510 10.080 -3.025
H -5.160 10.674 -2.722
H -3.974 10.638 -1.365
H -3.488 13.153 -0.855
H -2.770 14.627 -4.772
H -3.532 11.914 -4.945
H -1.555 15.425 -1.730
H -2.543 16.264 -2.961
H -3.156 16.966 -0.597
H -4.533 16.183 -1.395
H -3.566 15.277 -0.196
O -3.451 4.927 9.395
N -2.575 4.875 10.296
O -1.884 5.921 10.563
O -2.383 3.813 10.943
C 22.041 4.560 1.051
N 20.787 4.837 0.561
C 20.894 5.196 -0.724
N 22.187 5.160 -1.073
C 22.926 4.768 0.021
C 22.724 5.562 -2.382
C 24.011 4.809 -2.722
C 19.530 4.744 1.297
H 18.760 4.335 0.622
H 19.212 5.760 1.632
H 19.675 4.106 2.177
H 20.057 5.478 -1.352
H 24.002 4.663 -0.027
H 22.195 4.255 2.085
H 21.950 5.374 -3.138
H 22.905 6.648 -2.360
H 24.442 5.188 -3.653
H 24.748 4.934 -1.920
H 23.817 3.739 -2.842
O -8.009 8.785 2.901
N -8.392 7.847 3.652
O -7.643 6.804 3.773
O -9.460 7.911 4.286
C 0.677 20.337 -6.862
N 0.255 19.929 -5.617
C 0.919 18.814 -5.285
N 1.770 18.513 -6.274
C 1.630 19.437 -7.282
C 2.701 17.372 -6.283
C 3.764 17.510 -5.187
C -0.821 20.512 -4.818
H -0.413 21.005 -3.928
H -1.501 19.699 -4.503
H -1.367 21.244 -5.418
H 0.827 18.280 -4.345
H 2.221 19.383 -8.204
H 0.268 21.210 -7.353
H 2.120 16.450 -6.144
H 3.147 17.328 -7.297
H 4.598 16.799 -5.343
H 4.192 18.518 -5.187
H 3.314 17.327 -4.189
O -2.983 13.563 3.158
N -2.922 14.113 2.013
O -2.110 15.047 1.810
O -3.653 13.677 1.070
C 18.739 1.143 7.458
N 19.527 1.835 6.568
C 19.533 3.132 6.908
N 18.765 3.286 7.998
C 18.253 2.066 8.357
C 18.471 4.570 8.660
C 18.028 4.368 10.108
C 20.213 1.273 5.406
H 21.006 0.590 5.729
H 20.640 2.094 4.809
H 19.488 0.696 4.797
H 20.053 3.932 6.362
H 17.564 1.964 9.192
209
H 18.570 0.061 7.375
H 19.369 5.201 8.595
H 17.670 5.065 8.089
H 17.786 5.330 10.569
H 17.127 3.725 10.136
H 18.816 3.890 10.700
O -8.505 -3.696 -0.946
N -8.608 -2.534 -0.489
O -9.686 -1.900 -0.528
O -7.575 -1.981 0.051
C 10.297 -10.154 -0.756
N 10.933 -9.988 0.453
C 10.507 -8.843 1.007
N 9.617 -8.273 0.180
C 9.461 -9.074 -0.922
C 8.939 -6.978 0.411
C 7.458 -7.137 0.755
C 11.970 -10.868 0.983
H 11.967 -10.806 2.087
H 12.962 -10.540 0.610
H 11.781 -11.897 0.668
H 10.834 -8.427 1.962
H 8.780 -8.828 -1.744
H 10.457 -11.019 -1.384
H 9.487 -6.468 1.223
H 9.037 -6.366 -0.507
H 7.003 -6.127 0.826
H 6.924 -7.711 -0.026
H 7.325 -7.651 1.717
O 3.395 9.495 -15.662
N 3.600 8.263 -15.568
O 4.724 7.834 -15.124
O 2.709 7.427 -15.876
C -1.914 -4.324 -10.766
N -1.854 -4.678 -9.440
C -3.097 -4.933 -9.008
N -3.952 -4.753 -10.021
C -3.240 -4.375 -11.132
C -5.411 -4.924 -9.919
C -6.075 -5.011 -11.291
C -0.667 -4.631 -8.594
H -0.770 -5.331 -7.748
H -0.549 -3.608 -8.194
H 0.236 -4.881 -9.178
H -3.376 -5.238 -8.000
H -3.724 -4.171 -12.078
H -1.015 -4.054 -11.333
H -5.587 -5.838 -9.324
H -5.813 -4.063 -9.338
H -7.162 -5.080 -11.182
H -5.844 -4.125 -11.893
H -5.730 -5.895 -11.838
O 15.706 8.003 -6.259
N 14.722 7.846 -7.030
O 14.330 8.791 -7.778
O 14.073 6.757 -7.015
C 11.799 14.997 10.448
N 13.052 15.507 10.212
C 12.987 16.360 9.175
N 11.715 16.415 8.759
C 10.952 15.572 9.530
C 11.203 17.279 7.680
C 10.243 16.515 6.772
C 14.276 15.099 10.897
H 14.020 14.626 11.848
H 14.920 15.967 11.070
H 14.808 14.368 10.263
H 13.833 16.871 8.694
H 9.891 15.405 9.321
H 11.611 14.253 11.225
H 10.692 18.135 8.149
H 12.073 17.679 7.118
H 9.717 17.220 6.100
H 10.781 15.782 6.146
H 9.492 15.977 7.377
O 14.352 14.400 -0.431
N 15.533 14.831 -0.221
O 16.416 14.025 0.215
O 15.800 16.035 -0.413
C -0.307 15.742 5.594
N 0.307 15.484 6.795
C 0.020 14.225 7.165
N -0.762 13.680 6.224
C -0.985 14.601 5.232
C -1.269 12.293 6.240
C -1.170 11.666 4.853
C 1.139 16.429 7.535
H 0.556 16.919 8.323
H 1.538 17.176 6.829
H 1.997 15.895 7.985
H 0.347 13.718 8.084
H -1.606 14.368 4.355
H -0.204 16.694 5.090
H -0.683 11.733 6.992
H -2.317 12.312 6.576
H -1.569 10.641 4.864
H -1.767 12.253 4.126
H -0.126 11.643 4.482
O 16.717 -9.135 0.601
N 15.850 -9.214 1.523
O 16.144 -8.897 2.699
O 14.658 -9.569 1.236
C 4.894 -9.159 -6.073
N 4.142 -10.208 -5.602
C 4.965 -11.183 -5.197
N 6.230 -10.792 -5.417
C 6.215 -9.531 -5.961
C 7.447 -11.547 -5.066
C 8.157 -12.111 -6.304
C 2.690 -10.219 -5.477
H 2.366 -9.360 -4.858
H 2.365 -11.166 -5.008
H 2.216 -10.133 -6.470
H 4.631 -12.119 -4.756
H 7.138 -8.978 -6.160
H 4.436 -8.246 -6.435
H 8.119 -10.860 -4.519
H 7.151 -12.355 -4.386
H 8.976 -12.767 -5.995
H 7.470 -12.693 -6.927
H 8.591 -11.306 -6.922
O 2.029 17.704 -11.312
N 2.481 17.905 -10.168
O 2.246 17.068 -9.223
O 3.190 18.921 -9.904
C -0.347 -3.501 9.029
N -1.062 -4.185 8.078
C -1.432 -3.327 7.112
N -0.951 -2.110 7.426
C -0.271 -2.192 8.612
C -1.178 -0.865 6.664
C -0.881 0.366 7.519
C -1.408 -5.601 8.148
H -1.397 -6.032 7.127
H -2.421 -5.726 8.586
H -0.662 -6.141 8.773
H -1.962 -3.597 6.191
H 0.237 -1.332 9.066
H 0.081 -3.991 9.904
H -0.539 -0.866 5.755
H -2.231 -0.856 6.330
H -1.070 1.276 6.929
H -1.519 0.397 8.408
H 0.175 0.382 7.852
O 1.708 -4.551 -10.522
N 1.389 -3.321 -10.592
O 1.724 -2.529 -9.675
O 0.693 -2.920 -11.571
C -0.460 14.487 -10.105
N -1.240 14.423 -8.977
C -1.416 15.664 -8.499
N -0.757 16.517 -9.295
C -0.152 15.813 -10.304
C -0.679 17.975 -9.105
C -0.774 18.720 -10.437
C -1.743 13.198 -8.367
H -2.812 13.286 -8.151
H -1.200 12.991 -7.426
H -1.575 12.358 -9.067
H -1.978 15.930 -7.597
H 0.469 16.315 -11.047
H -0.236 13.591 -10.679
H -1.482 18.265 -8.414
H 0.286 18.210 -8.606
H -0.698 19.800 -10.277
H 0.052 18.407 -11.096
H -1.724 18.512 -10.940
O 18.427 12.497 4.375
N 17.417 11.761 4.563
O 17.214 10.783 3.753
O 16.616 11.978 5.492
C 1.728 -8.046 -11.087
N 2.360 -7.437 -10.034
C 1.648 -7.645 -8.918
N 0.570 -8.382 -9.234
C 0.598 -8.649 -10.579
C -0.431 -8.912 -8.290
C -0.089 -10.345 -7.876
C 3.622 -6.715 -10.142
H 3.484 -5.811 -10.767
H 4.372 -7.362 -10.633
H 3.966 -6.396 -9.150
H 1.891 -7.262 -7.918
H -0.173 -9.231 -11.066
H 2.173 -8.026 -12.087
H -0.451 -8.244 -7.405
H -1.427 -8.848 -8.765
H -0.807 -10.697 -7.120
H -0.121 -11.028 -8.731
H 0.919 -10.391 -7.428
O 0.906 -12.212 -3.932
N 1.853 -13.052 -3.717
O 1.837 -13.758 -2.684
O 2.814 -13.113 -4.535
C -9.409 -0.469 3.212
N -8.459 -0.241 2.248
C -9.076 0.123 1.115
N -10.397 0.136 1.331
C -10.634 -0.230 2.631
C -11.391 0.523 0.316
C -12.818 0.443 0.853
C -7.015 -0.349 2.426
H -6.609 -1.108 1.729
H -6.787 -0.615 3.471
H -6.547 0.624 2.199
H -8.589 0.375 0.186
H -11.635 -0.290 3.036
H -9.147 -0.771 4.217
H -11.145 1.553 -0.009
H -11.257 -0.147 -0.547
H -13.529 0.744 0.078
H -13.064 -0.578 1.165
H -12.951 1.105 1.715
O 21.227 9.498 0.689
N 20.873 8.316 0.471
O 21.040 7.775 -0.648
O 20.290 7.658 1.414
C 6.425 9.790 -13.564
N 5.664 10.696 -12.870
C 6.437 11.297 -11.951
N 7.675 10.789 -12.043
C 7.697 9.851 -13.041
C 8.831 11.162 -11.210
C 9.447 12.496 -11.648
C 4.240 10.936 -13.090
H 3.641 10.442 -12.295
H 3.945 10.510 -14.069
H 4.034 12.011 -13.074
H 6.141 12.057 -11.234
H 8.598 9.299 -13.279
H 5.993 9.142 -14.339
H 8.483 11.237 -10.160
H 9.557 10.331 -11.281
H 10.376 12.677 -11.099
H 9.678 12.490 -12.718
H 8.759 13.331 -11.435
O 21.123 3.753 3.854
N 21.503 4.830 4.380
O 20.809 5.346 5.329
O 22.524 5.431 3.964
C -1.157 7.793 -14.586
N -1.792 8.464 -13.570
C -1.045 9.521 -13.219
N 0.053 9.540 -13.987
C 0.013 8.471 -14.846
C 1.149 10.515 -13.852
C 0.617 11.932 -13.632
C -3.043 8.062 -12.930
H -3.225 8.716 -12.052
H -2.964 7.014 -12.597
H -3.877 8.156 -13.634
H -1.284 10.246 -12.436
H 0.835 8.247 -15.529
H -1.567 6.878 -15.015
H 1.766 10.201 -12.986
H 1.791 10.437 -14.746
H 1.445 12.625 -13.457
H 0.055 12.284 -14.504
H -0.053 11.957 -12.755
O 0.256 -0.090 4.117
N 0.668 -0.838 3.172
O 0.921 -2.045 3.390
O 0.815 -0.351 2.010
C 0.877 -12.290 -0.266
N 0.459 -10.998 -0.475
C -0.091 -10.529 0.656
N -0.035 -11.491 1.587
C 0.566 -12.601 1.037
C -0.450 -11.344 2.993
C 0.589 -10.533 3.782
C 0.685 -10.225 -1.694
H -0.040 -9.400 -1.742
H 0.598 -10.879 -2.588
H 1.710 -9.789 -1.669
H -0.552 -9.554 0.769
H 0.718 -13.513 1.598
H 1.324 -12.892 -1.072
H -1.439 -10.838 3.016
H -0.574 -12.348 3.418
H 0.169 -10.167 4.736
H 1.477 -11.135 4.008
H 0.911 -9.664 3.189
O 11.389 -4.413 -11.992
N 11.859 -5.245 -11.165
O 11.403 -6.422 -11.104
O 12.768 -4.876 -10.354
C -5.512 11.189 -9.675
N -5.263 10.001 -9.037
C -5.835 10.032 -7.826
N -6.460 11.208 -7.678
C -6.268 11.954 -8.818
C -7.165 11.644 -6.461
C -8.450 12.402 -6.797
C -4.478 8.890 -9.563
H -3.703 8.618 -8.816
H -3.987 9.194 -10.510
H -5.123 7.996 -9.742
H -5.844 9.220 -7.096
H -6.677 12.951 -8.925
H -5.091 11.407 -10.654
H -7.366 10.739 -5.860
H -6.483 12.286 -5.882
H -8.911 12.797 -5.887
H -8.233 13.241 -7.470
H -9.175 11.748 -7.292
210
O -8.622 4.657 0.815
N -9.288 3.562 0.733
O -9.108 2.680 1.633
O -10.063 3.360 -0.210
C 0.566 -0.144 17.627
N 0.602 -1.339 16.947
C 0.695 -1.088 15.632
N 0.720 0.242 15.458
C 0.637 0.851 16.681
C 0.791 1.003 14.194
C -0.476 0.849 13.345
C 0.549 -2.665 17.559
H -0.309 -2.732 18.235
H 1.467 -2.853 18.127
H 0.457 -3.414 16.757
H 0.720 -1.871 14.867
H 0.649 1.939 16.760
H 0.496 -0.092 18.705
H 0.941 2.058 14.492
H 1.688 0.683 13.618
H -0.591 1.729 12.694
H -0.408 -0.049 12.699
H -1.376 0.757 13.969
O 19.146 -5.746 -0.332
N 19.071 -4.657 -0.992
O 17.923 -4.270 -1.407
O 20.088 -3.994 -1.248
C 6.796 16.647 -0.935
N 7.656 16.933 0.097
C 7.087 16.560 1.252
N 5.878 16.036 0.980
C 5.678 16.072 -0.374
C 4.927 15.488 1.968
C 3.495 15.507 1.434
C 8.957 17.579 -0.049
H 9.650 16.933 -0.642
H 9.381 17.764 0.952
H 8.840 18.522 -0.593
H 7.541 16.686 2.235
H 4.767 15.694 -0.838
H 7.066 16.864 -1.976
H 5.238 14.448 2.191
H 5.007 16.078 2.900
H 2.783 15.178 2.207
H 3.218 16.521 1.096
H 3.396 14.824 0.570
O -3.918 6.050 -10.831
N -5.020 5.576 -10.477
O -5.991 6.354 -10.199
O -5.176 4.324 -10.330
C 1.691 -4.820 -15.085
N 1.705 -5.126 -13.746
C 2.949 -4.953 -13.276
N 3.729 -4.538 -14.284
C 2.971 -4.451 -15.424
C 5.192 -4.364 -14.214
C 5.713 -3.391 -15.269
C 0.559 -5.604 -12.980
H 0.169 -4.781 -12.341
H 0.875 -6.443 -12.333
H -0.223 -5.940 -13.665
H 3.262 -5.079 -12.236
H 3.399 -4.146 -16.371
H 0.795 -4.891 -15.686
H 5.443 -4.025 -13.184
H 5.640 -5.371 -14.343
H 6.814 -3.374 -15.245
H 5.393 -3.699 -16.272
H 5.351 -2.373 -15.090
O 5.153 -9.686 -3.022
N 6.199 -9.866 -2.315
O 6.705 -10.996 -2.205
O 6.703 -8.863 -1.708
C 6.122 17.191 -7.637
N 7.375 17.294 -8.192
C 7.248 17.311 -9.526
N 5.946 17.229 -9.836
C 5.222 17.145 -8.675
C 5.372 17.220 -11.195
C 6.451 17.010 -12.254
C 8.624 17.408 -7.447
H 9.452 17.034 -8.056
H 8.573 16.816 -6.508
H 8.814 18.455 -7.184
H 8.055 17.394 -10.239
H 4.125 17.065 -8.668
H 5.956 17.116 -6.560
H 4.624 16.416 -11.237
H 4.831 18.169 -11.341
H 5.998 16.920 -13.246
H 7.154 17.851 -12.273
H 7.017 16.094 -12.038
O 5.442 -9.169 10.029
N 5.879 -8.410 10.930
O 5.265 -7.342 11.231
O 6.970 -8.680 11.524
C -4.191 -10.253 7.271
N -4.451 -9.449 6.190
C -3.341 -8.770 5.874
N -2.370 -9.121 6.731
C -2.876 -10.051 7.614
C -0.974 -8.643 6.676
C -0.249 -8.790 8.018
C -5.717 -9.354 5.473
H -5.499 -9.119 4.409
H -6.319 -8.535 5.910
H -6.263 -10.297 5.551
H -3.232 -8.042 5.065
H -2.271 -10.482 8.402
H -4.940 -10.898 7.710
H -0.445 -9.235 5.894
H -0.984 -7.582 6.329
H 0.838 -8.895 7.856
H -0.395 -7.903 8.671
H -0.602 -9.681 8.553
O -3.250 10.812 -11.620
N -2.615 11.828 -11.192
O -3.218 12.856 -10.837
O -1.340 11.759 -11.097
C 11.672 10.412 -1.250
N 12.319 10.377 -0.043
C 12.288 11.601 0.505
N 11.637 12.423 -0.335
C 11.230 11.700 -1.428
C 11.396 13.867 -0.151
C 10.309 14.387 -1.092
C 12.983 9.191 0.485
H 13.331 9.401 1.508
H 13.837 8.932 -0.178
H 12.278 8.343 0.486
H 12.696 11.875 1.484
H 10.707 12.152 -2.277
H 11.552 9.521 -1.860
H 11.121 14.043 0.914
H 12.352 14.403 -0.354
H 10.284 15.500 -1.068
H 10.507 14.083 -2.135
H 9.316 14.010 -0.797
O 9.121 -11.654 4.897
N 10.259 -11.250 4.507
O 10.349 -10.514 3.474
O 11.286 -11.540 5.166
C 21.557 10.131 3.310
N 22.059 8.870 3.524
C 21.078 8.095 3.997
N 19.962 8.825 4.104
C 20.231 10.106 3.676
C 18.666 8.279 4.548
C 18.451 6.878 3.970
C 23.411 8.399 3.232
H 23.452 7.321 3.440
H 24.141 8.925 3.857
H 23.646 8.582 2.178
H 21.175 7.043 4.267
H 19.477 10.904 3.662
H 22.157 10.936 2.909
H 18.661 8.244 5.650
H 17.865 8.987 4.244
H 17.445 6.513 4.199
H 18.586 6.877 2.864
H 19.190 6.177 4.398
O -1.766 7.786 5.356
N -2.159 8.397 4.345
O -3.101 9.256 4.435
O -1.657 8.173 3.200
C -4.584 7.047 -0.398
N -4.760 6.846 0.950
C -6.047 7.073 1.258
N -6.697 7.415 0.136
C -5.811 7.413 -0.911
C -8.154 7.645 0.060
C -8.542 8.470 -1.164
C -3.722 6.417 1.883
H -4.197 6.022 2.805
H -3.055 7.257 2.162
H -3.115 5.624 1.406
H -6.511 6.989 2.249
H -6.135 7.637 -1.935
H -3.617 6.867 -0.882
H -8.636 6.643 0.029
H -8.455 8.138 1.002
H -9.627 8.597 -1.206
H -8.077 9.461 -1.141
H -8.210 7.959 -2.091
O 9.004 18.210 2.893
N 8.683 19.080 3.780
O 8.067 20.120 3.433
O 8.956 18.853 4.984
C 9.748 -10.748 9.533
N 9.560 -11.303 8.291
C 8.721 -10.520 7.593
N 8.376 -9.477 8.365
C 9.000 -9.593 9.576
C 7.447 -8.400 7.974
C 7.768 -7.092 8.687
C 10.172 -12.538 7.804
H 10.617 -12.356 6.802
H 9.415 -13.326 7.721
H 10.949 -12.855 8.503
H 8.404 -10.709 6.561
H 8.845 -8.858 10.370
H 10.392 -11.201 10.274
H 7.512 -8.277 6.869
H 6.414 -8.730 8.231
H 6.932 -6.387 8.583
H 7.930 -7.274 9.767
H 8.681 -6.618 8.272
O 1.128 3.671 15.811
N 2.369 3.549 16.063
O 3.056 4.539 16.392
O 2.910 2.401 15.922
C 1.462 4.050 -14.653
N 2.170 5.047 -14.023
C 3.343 5.208 -14.647
N 3.406 4.336 -15.663
C 2.245 3.602 -15.689
C 4.585 4.119 -16.515
C 5.176 5.432 -17.036
C 1.736 5.763 -12.832
H 1.992 5.181 -11.919
H 0.637 5.892 -12.858
H 2.217 6.746 -12.777
H 4.127 5.928 -14.392
H 2.068 2.829 -16.424
H 0.468 3.743 -14.320
H 5.344 3.590 -15.899
H 4.295 3.448 -17.334
H 6.250 5.310 -17.246
H 4.673 5.771 -17.947
H 5.073 6.228 -16.270
O 15.542 17.987 5.439
N 14.887 17.857 6.511
O 13.848 18.537 6.720
O 15.242 16.979 7.365
C 13.116 15.325 -3.093
N 13.873 16.239 -3.790
C 13.356 16.376 -5.019
N 12.287 15.576 -5.127
C 12.116 14.908 -3.940
C 11.576 15.320 -6.391
C 10.149 14.831 -6.173
C 15.067 16.928 -3.299
H 15.815 16.952 -4.106
H 15.461 16.406 -2.414
H 14.811 17.956 -3.001
H 13.743 17.032 -5.785
H 11.308 14.187 -3.786
H 13.345 15.049 -2.054
H 11.590 16.248 -6.981
H 12.175 14.566 -6.952
H 9.662 14.595 -7.128
H 10.140 13.922 -5.541
H 9.539 15.611 -5.668
O 7.003 -8.202 4.945
N 5.858 -7.711 5.183
O 5.739 -6.742 5.985
O 4.833 -8.242 4.672
C 4.127 18.900 1.620
N 5.143 19.670 1.108
C 5.681 20.390 2.102
N 5.037 20.091 3.241
C 4.061 19.166 2.969
C 5.356 20.676 4.559
C 4.785 19.847 5.706
C 5.561 19.678 -0.293
H 6.273 20.489 -0.462
H 4.666 19.807 -0.931
H 6.035 18.712 -0.548
H 6.507 21.080 2.008
H 3.430 18.740 3.756
H 3.551 18.224 0.976
H 6.458 20.738 4.619
H 4.958 21.703 4.583
H 4.963 20.347 6.662
H 3.707 19.688 5.581
H 5.261 18.848 5.737
O -4.693 -7.145 -7.972
N -3.667 -7.838 -8.237
O -3.305 -8.768 -7.469
O -2.952 -7.530 -9.243
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